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Abstract 
The mechanical response of UO2 to irradiation is becoming increasingly important due to the shift 
to higher burn-up rates in the next generation of reactors. In the current study, thin films of UO2 were 
deposited on YSZ substrates using reactive-gas magnetron sputtering. Nanoindentation was used to 
measure the mechanical properties of the as-grown and irradiated films. Finite element modeling was 
used to account for the substrate effect on the measurements.     
Two sets of experiments were designed to study the effect of radiation damage on UO2 films. 
First, study the effect of displacement cascades accompanying fission gas bubbles by irradiating 
4600/5000Å UO2 films with 600 keV Kr
+
 ions at 25°C and 600°C. These irradiation conditions were used 
to confine radiation damage effects within the film. Second, study the effect of displacement cascades 
alone by irradiating 2000Å thin films with 1.8 MeV Ar
+ 
ions. The film thickness and irradiation 
conditions were optimized to assure no gas bubbles formed into the film and only damage cascades exist.  
Both experiments showed an increase in the film hardness. However, irradiation at 25°C with 
either with 600 keV Kr
+
 or 1.8 MeV Ar
+
 ions, resulted in saturation of the film mechanical property 
response as a function of dose. The change in hardness and elastic modulus is attributed to the 
introduction of gas bubbles, displacement cascade damage, and point defect production by irradiation. 
The saturation of mechanical properties with dose is attributed to the high density of dislocations in the 
as-grown films.  
Irradiation at 600°C resulted in a decrease in the hardness and elastic modulus after irradiation 
using 600 keV Kr
+
 at a dose of 1E14 ions/cm
2
. Then both hardness and elastic modulus increased with 
dose. This behavior is attributed to recrystallization during irradiation at 600°C. Film microstructure using 
TEM showed 2 to 3 nm nanocrystals with density increases with dose. The calculation of the CRSS 
demonstrated that nanocrystals are the primary effect for film hardening based on the Orowan hardening 
mechanism. 
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Chapter 1. Introduction and Literature Review 
1.1 Introduction 
The mechanical response of uranium oxide fuel pellets to radiation damage is becoming 
increasingly important due to the shift toward higher burn-up rates of the fuel in the next generation of 
nuclear reactors. Furthermore, long term storage of nuclear waste is predicated on fuel integrity which in 
turn depends on the mechanical integrity of the fuel pellets.  
Mechanical properties of nuclear fuel have a special importance in the pellet cladding mechanical 
interaction. During the reactor transient periods, cladding failure depends not only on the ductility of the 
cladding materials, but also on the level of stresses developed in the fuel material. These stresses cause 
cracks to propagate in the material up to the fuel surface and depend on the fuel thermal expansion, 
thermal conductivity, and the elastic properties of the fuel. 
Few studies exist regarding the change of UO2 mechanical properties under irradiation. Some 
have been performed using simulated fuel, which mimics the chemical properties of the irradiated nuclear 
fuel. Other studies have been performed using UO2 fuel pellets that have different grain dimensions and 
different U-235 enrichment amounts. In addition, irradiating the fuel pellets in different reactors may give 
data that cannot be compared due to the differences in flux and temperature.  
All studies to date have been performed using bulk samples. Thin film geometry allows for 
control over several properties such as microstructure, oxygen stoichiometry, and impurity 
concentrations. Furthermore thin film geometry allows for the application of microanalytical techniques. 
This ability permits the advancement of the knowledge and understanding of the nanoscale behavior of 
uranium oxide under different irradiation and temperature conditions. In principle, this can lead to better 
burn-up performance. 
Thin films allow the study of the displacement cascade damage effect with and without the effect 
of fission gas implantation and/or gas bubble formation by controlling the bombardment energy and the 
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film thickness. This gives the ability to distinguish between the two effects and represent a reference for 
simulating radiation damage.  
Nanoindentation provides a method to measure the hardness and elastic modulus of thin film 
material. An ultra low load is applied to displace the indenter into the fuel material to a depth as low as 50 
nm. Only nanoindentation data obtained from the top 10% of the film thickness is usually accepted; 
below this limit, the substrate properties will affect the measurements. Finite element modeling (FEM) 
will be used to account for the substrate effect on the nanoindentation measurements. In addition, FEM 
provides a method to estimate the mechanical properties of the irradiated materials. 
1.2 Mechanical Properties of Nuclear Fuel 
As the nuclear industry moves toward high fuel burn-up, a need exists to advance the knowledge 
regarding the mechanical behavior of the uranium oxide under conditions related to high burn-up and 
high operating temperature to assure the fuel stability and durability. At the same time, pellet cladding 
interaction depends on the cladding mechanical properties as well as the level of stresses introduced in the 
fuel material due to the fission gas release. These stresses may induce cracks in the fuel pellets that 
depend on the fuel thermal expansion, thermal conductivity and the elastic properties of the fuel [1-5]. 
Microindentation and acoustic wave measurements have been used to study the change in nuclear 
fuel properties as a function of porosity volume fraction, burn-up rate, and temperature [2]. Roque et al. 
have used microacoustic measurements to study the change in elastic modulus on UO2 samples as a 
function of porosity volume fraction [2]. The samples were UO2 powder compressed and sintered in the 
shape of fuel pellet, containing 0.2% U-235. The authors proposed a new method to measure acoustic 
longitudinal velocities to characterize the elastic and shear modulus in localized small areas [2]. As can be 
seen in Figure 1.1, elastic modulus showed a decrease of 22% as the porosity volume fraction increased 
by 10%. The data agrees with previous work done with Martin [6], shown as a dotted line. 
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Laux et al. saw the same trend after the porosity increased to 20% [3]. They also extended their 
study to irradiated UO2. They studied the change of elastic modulus of nuclear fuel with burn-up rate on 
two different fuel samples; HBRP (special fuel manufactured with 26% U-235) and N118 Rod (fuel pellet 
slices taken from N118 fuel rod used in Belgian reactor 3). In addition the study focused on the 
mechanical behavior of the simulated spent fuel (SIMFUEL), which is a mixture of UO2 powder with 
eleven different additives to simulate the irradiated nuclear fuel with fission products without inherent 
radioactivity [7]. Each added element simulates the same effect of one of the fission products in the 
irradiated nuclear fuel. For example, the effect of the fission product neptunium is mimicked by adding 
cerium [8].  
The elastic modulus of SIMFUEL and irradiated fuel pellets decreased by about 25% as the burn- 
up increased up to 100 gigawatt-days per metric tonne nuclear fuel (GWd/MTU) as shown in Figure 1.2; 
beyond that, there is no data for the irradiated fuel pellets but the elastic modulus of SIMFUEL stabilized 
beyond 100 GWd/MTU. 
 
Figure 1.1 Variation of elastic modulus as a function of the porosity of uranium oxide calculated through 
the microacoustic wave velocity measurements [2] and compared to Martin’s work (dotted line) [6]. 
4 
 
 
Figure 1.2 Elastic modulus as a function of burn-up. Measurements were conducted on the HBRP 
samples, the N118 fuel rod samples, and the SIMFUEL samples with acoustic microscopy [3]. 
 
Figure 1.3 Elastic modulus values as calculated from compressibility and indentation tests on irradiated 
and simulated fuel samples [4]. 
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On the other hand, Pujol et al. founded that the elastic modulus of simulated fuel with eighteen 
different additives [9] increased with increasing the fuel burn-up. Two different methods were used to 
calculate the elastic modulus. The first was a diffraction technique under high pressure, which measured 
the sample’s bulk modulus as a function of the applied pressure and calculated the elastic modulus using,  
3 (1 )E B              (1.1)  
where E is the elastic modulus, B is the bulk modulus and υ is Poisson’s ratio. The second was a Knoop 
indentation test, used to calculate the ratio of hardness to elastic modulus (H/E), with the hardness values 
determined with a Vickers hardness test [4]. Both measurements show that the elastic modulus increases 
with the burn-up, as shown in Figure 1.3. Calculated elastic constant values from indentation tests 
increase smoothly with burn-up, and saturate after burn-up of about 100 GWd/MTU, while the data 
obtained from the compressing test increase lineally with burn-up. These results contradict the work done 
by Laux et al., showed earlier, in which the elastic modulus of nuclear fuel decreases with burn-up as well 
as porosity. 
 Spino et al. applied microhardness techniques to the study of the change in elastic/plastic 
properties of UO2-LWR fuel pellets, with initial enrichment of 3.5 - 4.2  wt% U-235, irradiated in a power 
reactor to a burn-up rate ranging from 40 to 100 GWd/t M. As seen in Figure 1.4, the entire fuel rod’s 
hardness increased as the average burn-up increased from 40 to 67 GWd/t M, but it decreased again as the 
average burn-up increased to 80 GWd/t M due to the healing of accumulated radiation damage [5].  
The periphery of the fuel rod softened and the depth of the rim zone increased with the average 
burn-up following the porosity build up profile. This can be seen clearly in Figure 1.5, at which the 
hardness of fuel rod, measured at three different indentation loads, decreased following the increased in 
the porosity concentration of the fuel outer surface due to the loss of load bearing area [10]. 
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Figure 1.4 Variation of the hardness radial profile with the average pellet burn-up at load of 0.5 N [5].  
 
Figure 1.5 Hardness of LWR fuel rod at 67 GWd/t M at different indentation loads with the 
corresponding porosity concentration [5].  
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Few studies regarding the change in the mechanical properties of UO2 under irradiation exist, 
and, as shown, some are contradicting. Also some of these studies have been performed on simulated fuel 
which mimic the irradiated nuclear fuel only from the chemical point of view; mixture of solid fission 
products were mixed in certain amounts with UO2 [3]. This gives the ability to study the effect of solid 
fission products on the fuel mechanical properties without taking into consideration the radiation damage 
effect and possible gas bubble formation. At the same time, the UO2 fuel pellets have different grain sizes 
and different U-235 enrichments, so they have different initial mechanical properties and different burn- 
up rates. In addition, irradiating the fuel pellets in different reactors may give data that cannot be 
compared due to the differences in reactor flux and temperature. 
1.3 Nanoindentation Studies on Nuclear Fuel 
Nanoindentation is an advanced technique used to measure the mechanical properties of coatings 
and thin films. This technique has been used since Oliver et al. proposed the relation between the elastic 
modulus, hardness, contact stiffness and the contact area [11, 12].  
The nanoindentation technique involves pushing a small indenter into a material and using the 
resultant load versus displacement curves to estimate the material hardness, stiffness and elastic modulus. 
It is mainly used for thin coating layers due to the ability to apply ultra small loads, as low as 30E-9 N, to 
displace an indenter into the material. Spherical, conical, three or four sided pyramid indenters can be 
used for nanoindentation measurements. However, the Berkovich tip, a three sided pyramid, is usually 
used for nanoindentation measurements because it is easier to manufacture to a sharper tip compared to 
four sided indenters. A standard Berkovich tip is shown in Figure 1.6 with a face angle of 65.3° that gives 
the same projected area to depth ratio as Vickers, four sided indenter [13]. 
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Figure 1.6 Standard Berkovich diamond tip with face angle of 65.3° [14]. 
  
1.3.1 Oliver-Pharr Model 
Scientists have been interested in finding a method to extract the elastic properties of a material 
from indentation testing. Bulychev et al. proposed a relation between the material stiffness, reduced 
modulus, and contact area using microhardness testing and indentation geometry [15]. 
As the load is applied, the indenter travels into the material until it reaches the maximum 
specified load (loading step). Then the indenter starts to move back to its original position (unloading 
step) as shown in Figure 1.7. The total displacement depth, hmax, is the total distance that the indenter 
moved into the material, while hf  is the final depth after load removal [11].  
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Figure 1.7 Load - displacement curve for fused silica. The curve shows the loading and unloading parts as 
well as the maximum and final depth. 
 
The slope of the upper portion of the unloading curve is defined as the material stiffness (S) 
which is related to the elastic modulus as follow [15], 
max
2
r
h h
dF A
S E
dh


           (1.2) 
where F is the applied force, h is the displacement distance, A is the contact area, β is a correction factor 
for nonaxisymmetric indenter, and Er is the reduced modulus. which defined as a function of the elastic 
modulus and Poisson’s ratio for both the material and indenter [11], 
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 
           (1.3)
    
 
In Bulychev et al. calculations, the unloading curve is assumed to be linear and the contact area 
(A) is assumed to be equal to the optically measured hardness impression area [15]. However Oliver and 
Pharr proved that the unloading curve in not linear in the indentation process and the contact area is 
continuously changing as a function of the indentation depth [11, 12]. It is proposed that the contact depth 
(hc) can be found as a function of the total indentation depth (ht), applied load (F), and contact stiffness 
(S) as follows,  
c t
F
h h
S
             (1.4) 
where ɛ is a geometrical factor associate with the tip geometry; it equal to 1 for flat punch tip, 0.72 for 
conical tip, and 0.75 for Berkovich tip.  
 The contact area is a continuously changing with contact depth and if the indenter is ideal, it can 
be calculated as follows,  
2
o cA C h            (1.5) 
where Co is a constant depend on the indenter shape and can take the value of 2.598 for cube corner tip 
and 24.5 for the Berkovich tip. However in practice, the indentation tips are not ideal and there is always 
a bluntness to the indenter tip due to the manufacture limitations. Therefore the contact area (A) can be 
determined by indenting reference sample with well known elastic modulus and hardness, and using 
numerical iteration to calculate the contact area as a function of the contact depth as follows, 
2 0.5 0.25
1 2 324.5 .....c c c cA h C h C h C h            (1.6) 
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Finally, the material hardness can be calculated as a function of the indentation load and the 
contact area as follows,  
F
H
A
            (1.7)  
The definition of hardness is not the same one used to calculate the hardness on the macroscopic 
scale. In the later, the contact area is defined as the area of the permanent impression left on the material 
surface after indentation. On the other hand, the contact area in nanoindentation is defined as the area 
between the indenter and the material in contact. This difference in contact area definition makes the 
macroscopic hardness is higher than the nanohardness due to the elastic recovery.    
1.3.2 Nanoindentation Measurements on Nuclear Materials 
 Nanoindentation has been applied to estimate the mechanical properties of many materials. 
Kurosaki et al. used nanoindentation to find the elastic modulus and hardness of three different ceramics; 
TiO2, MgO, and YSZ; all samples were single crystals with (110), (100), and (100) orientation 
respectively [16].  
Figure 1.8 shows the nanohardness and reduced modulus of TiO2, MgO, and YSZ as a function of 
the indentation depth, while Figure 1.9 shows the reduced modulus as a function of the contact depth for 
two different orientations of the YSZ sample. Results showed that the reduced modulus along the (111) 
direction is less than the elastic modulus along the (100) direction for YSZ, with the opposite holding true 
for the hardness. On the other hand, rutile TiO2 has a higher elastic modulus, while MgO has a lower 
hardness. These results show the ability of nanoindentation to quantify the mechanical properties of 
different materials and materials with different crystallographic directions. However, the results are 
highly scattered because the measurements had been performed in shallow depths (up to 50 nm) and the 
calculation of the contact area is thought to lead to these errors in accuracy.  
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Figure 1.8 (a) Nanohardness and (b) reduced modulus for TiO2 (circles), MgO (triangles), and YSZ 
(squares) [16]. 
 
Figure 1.9 Reduced modulus for YSZ in two different directions. YSZ with crystal orientation of (100) 
has higher reduced modulus than the crystal with (111) orientation [16]. 
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Kurosaki et al. have studied the mechanical properties of polycrystalline and single crystal UO2 
with a (111) orientation. As shown in Figure 1.10, all the crystals have approximately the same reduced 
modulus, while single crystal samples have higher hardness than the polycrystalline sample. The study 
does not define the orientation of their single crystal sample. The hardness of the polycrystalline sample is 
lower than the single crystal sample, which is not expected because grain boundaries are a significant 
source of hardening. However, the polycrystalline UO2 sample used in this study has grain sizes of 5-10 
µm diameters while the nanoindentation probing diameter was 700 nm, which make the measurements 
independent of the grain boundary effect [17].  
 
Figure 1.10 Nanohardness and reduced modulus of single crystal (gray), single crystal (111) plane (black) 
and polycrystalline (white) UO2 [17]. 
 
The same research group applied nanoindentation on the simulated burn-up nuclear fuel [18]. The 
simulated fuel has equivalent burn-up rate of 150 GWd/t with 88.48 wt% U with actinide surrogates such 
as Nd, Ce, and La with 2.716, 1.186, and 0.751 wt% respectively. In addition, metallic elements such as 
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Mo, Ru, and Pd with 1.652, 1.280, and 1.057 wt% respectively, were present. Figure 1.11 shows the 
nanohardness and reduced modulus for both matrix phase and oxide precipitates. These data sets show 
that nanoindentation can be used to detect the local structure in the fuel matrix since the indentation area 
is much smaller than the size of the oxide precipitates (around 20 µm) [18]. 
 
Figure 1.11 Nanohardness and reduced modulus for simulated fuel with burn-up of 150 GWd/t [18].  
 
Some studies focused on the presence of impurities in UO2 and the effect on the mechanical 
properties. Adding CeO2 to UO2 causes both the elastic modulus and hardness to decrease from 225 to 175 
GPa and from 8.5 to 8 GPa respectively, as shown in Figures 1.12 and 1.13. Vickers hardness and bulk 
elastic modulus measurements show the same trend as well as nanoindentation [17, 19, 20]. 
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Figure 1.12 Reduced modulus for polycrystalline UO2 as a function of CeO2 content. Reduced and bulk 
elastic modulus decrease as the CeO2 increase [17]. 
 
Figure 1.13 Hardness for polycrystalline UO2 as a function of CeO2 content. Reduced and bulk elastic 
modulus decrease as the CeO2 increase [17]. 
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All previous studies were interested in the mechanical properties of UO2 with and without 
impurities, which would provide useful information regarding actinide surrogates. No studies have been 
performed using nanoindentation to investigate the mechanical properties response to irradiation of UO2. 
However, nanoindentation has been used to study the irradiation effect in other oxides. Sickafus et al. 
compared the radiation effect on the hardness of Spinel (MgAl2O4) and YSZ (9.5 % mole Y2O3), as 
shown in Figure 1.14. Both materials were irradiated with 370 KeV Xe
++ 
ions at a temperature of 120K 
with fluencies vary from 0 to 1E16 Xe
++
/cm
2
. It is clear that zirconia has high radiation resistant since no 
change was observed for the either hardness or elastic modulus values with dose, as shown in Figures 
1.14 and 1.15. On the other hand, the hardness and elastic modulus of Spinel dropped significantly as the 
dose increased, as shown in Figure 1.16. The authors attributed that to the amorphization of Spinel under 
irradiation [21]. 
 
Figure 1.14 Nanohardness for Spinel and Zirconia as a function of Xe
++ 
ions doses. Zirconia is stable 
under irradiation while Spinel’s hardness decrease with increasing the ion dose [21]. 
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Figure 1.15 Elastic modulus for Zirconia as a function of Xe
++ 
ions doses at 80 nm indentation depth [21]. 
 
Figure 1.16 Elastic modulus for Spinel as a function of Xe
++ 
ions doses at 80 nm indentation depth [21]. 
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Another experiment studied the mechanical response of YSZ (11.1 % moleY2O3) under the 
irradiation of 72 MeV I
+
 at 300K with doses range from 0 to 5E15 I
+
/cm
2
 [22]. Figure 1.17 shows that the 
elastic modulus of the YSZ decreases by about 7% from 290 to 270 GPa at the highest irradiation dose. 
On the other hand, the authors noticed that hardness decreased with irradiation and attributed it to 
structural transformation. TEM, however, showed no indication of any structure change due to irradiation.  
 
Figure 1.17 Elastic modulus for YSZ (11.1 % mole Y2O3) as a function of I
+
 ions doses. As the irradiation 
dose increase the elastic modulus of YSZ decrease [22]. 
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Figure 1.18 Nanohardness for YSZ (11.1 % mole Y2O3) as a function of I
+
 ions doses. As the irradiation 
dose increase the elastic modulus of YSZ decrease [22]. 
 
1.4 Finite Element Modeling of Nanoindentation 
Past studies show that nanoindentation is a useful technique to determine the elastic modulus and 
hardness of materials under different conditions. However applying nanoindentation on thin films is more 
challenging since the substrate material may influence the measurement. Generally, thin film properties 
measured within 10% or less of the film thickness is not influenced by the substrate [23]. Beyond that 
depth, the substrate can influence the measurements in two ways. First, if the substrate is harder than the 
thin film, a pile up of the film material can occur. Alternatively, if the substrate is softer the thin film, the 
film can sink in into the substrate. Both scenarios affect the contact between the indenter and the film, and 
hence affect the measurements of the hardness and elastic modulus [24]. Finite element modeling (FEM) 
can be used to account and compensate for the substrate effect on the nanoindentation measurements [23, 
25, 26].  
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Knapp et al. developed a procedure to model the nanoindentation process using FEM [23, 25]. 
The modeling starts with constructing a mesh to describe the sample and the indenter. The indenter shape 
and material properties are required, as well as those for the substrate material. ABAQUS finite element 
commercial program is used to model the nanoindentation process [27], in which a classical metal 
plasticity model is used to model the material. This method succeeded in modeling the nanoindentation in 
two dimensions of bulk Aluminum, amorphous 290 nm thick Fe64Ti18C18 layer on fused silica, and 342 
nm thick layer of amorphous tetrahedral coordinated carbon (a-tC) on a Si substrate. The same technique 
was also applied to ErT2 thin films deposited on Silicon wafers [28, 29].  
This method was also used to model the nanoindentation of Ti+C implanted Ni [30] and O 
implanted Ni [23]. The Ni sample was divided into two layers; the bulk layer, which was not affected by 
the ion implantation, while the surface layer divided into three sub-layers to follow the profile of the 
implanted ion concentration [23]. Figure 1.19 shows that FEM succeeded in fitting the experimental 
measurements of indentation force and material stiffness versus the indentation depth. The results showed 
a hardening of Ni sample as a result of the O implantation, and at the same time, a reduction in the 
material stiffness which can be attributed to the reduction in the elastic modulus according to equation 
1.2. The method assumed that the change in the elastic modulus and yield strength are proportional to the 
implanted O concentration and the associated radiation damage; these assumptions may not be accurate. 
In addition, fitting three or more sub-layers to the experimental data may not give a unique solution to the 
problem.  
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Figure 1.19 Experimental and finite element simulation for (a) load and (b) stiffness for implanted and 
untreated Ni samples [23]. 
1.5 Motivation and Work Scope 
Few studies exist regarding the change of UO2 mechanical properties under radiation damage [1-
5]. Most of the studies were focused on the change of fuel elastic properties with porosity in the matrix, 
and used acoustic methods to measure the elastic constants [1 - 3, 6]. On the other hand, poor agreement 
exists on the behavior of elastic modulus under radiation damage or fuel burn-up. Acoustic sound waves 
were used to measure the elastic modulus of two fuel rods and a simulated spent fuel sample [3]. The 
elastic modulus decreased with fuel burn-up and saturate at about 100 GWd/t M [3]. The opposite was 
observed when diffraction at high pressure and Knopp indentation were used to determine the elastic 
modulus for different compositions of simulated spent fuel [4]. 
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  Many of these studies have used nuclear fuel samples under different conditions of U-235 
enrichment, grain sizes, irradiation flux, and temperature [3], making a comparison difficult. In addition, 
using simulated spent nuclear fuel samples with different compositions and additives allowed for the 
expression of only to the chemical effect of fission products and not the radiation damage effect [3, 4, 7 - 
9].   
This work represents a systematic study about the change in the mechanical properties of UO2 by 
using single crystal thin films of UO2 deposited on YSZ substrates. Thin film geometry allows control 
over several properties such as microstructure, oxygen stoichiometry, and impurity concentrations. The 
control of the film thickness and the irradiation parameters, allows the displacement cascade damage 
effect to be investigated, with and without the effect of fission gas implantation and/or gas bubble 
formation.  
Two sets of experiments were performed to study the mechanical response of UO2 to radiation 
damage. First, UO2 thin films with thicknesses of 4600 and 5000Å were irradiated with 600 keV Kr
+
 and 
Xe
+
 ions over a dose range of 1E14 to 1E16 ions/cm
2
 at 25°C and at 600°C as summarized in Table 1.1. 
The irradiation conditions were chosen to assure the radiation damage effect (displacement cascades and 
fission gas bubbles) are confined to the UO2 film, with no defects introduced into the substrate material. 
This is mainly a study of the effect of displacement cascades and accompanying gas bubbles due to 
irradiation on the mechanical properties of UO2, with additional irradiation at 600°C to promote the gas 
bubbles diffusion and coalescence.  
Second, in order to isolate and study the effect of displacement cascades only on the mechanical 
properties of nuclear fuel, 2000Å UO2 films were irradiated with 1.8 MeV Ar
+
 ions over a dose range of 
1E15 to 2E16 ions/cm
2
. The film thickness and irradiation conditions have been chosen to assure that no 
gas bubbles will be formed into the film and only damage cascades exist. These irradiation parameters are 
included in Table 1.1. 
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Nanoindentation has proved to be a powerful technique in determining the elastic modulus and 
hardness for different categories of metallic [11, 12] and oxide [16] bulk samples. It has also been applied 
to several nuclear materials such as YSZ [21, 22], CeO2 and UO2 [17, 19, 20], simulated nuclear fuel [18] 
as well as irradiated materials [21-23, 25]. Meanwhile, nanoindentation is suitable for investigating the 
mechanical properties of thin films due to the ability to apply loads in the range of 10
-9
 N [23, 24]. In the 
current study, nanoindentation was used to study the change in mechanical properties of UO2 thin films 
under different conditions of irradiation damage (displacement cascades and fission gas bubbles) and 
temperatures.   
Finally, since the substrate will affect the nanoindentation [24], finite element modeling (FEM) 
was used to account for the substrate effect on the nanoindentation measurements [23]. In addition, FEM 
provides a method to estimate the mechanical properties of the irradiated UO2 film layers independently 
from the nonirradiated layers. 
Table 1.1 Proposed experiments to study the mechanical properties of UO2 
Study focus UO2 Film 
thickness 
Irradiation 
temperature 
Ion beam energy Irradiation doses 
(ions/cm
2
) 
The effect of displacement 
cascades with fission gas 
bubbles 
4600Å 25°C 600 KeV Kr
+
/Xe
+
 1E14 – 1E16 
5000Å 600°C 600 KeV Kr
+
 1E14 – 1.5E16 
The effect of displacement 
cascades 
2000Å 25°C 1800 KeV Ar
+
 1E15 – 2E16 
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Chapter 2. Experimental Methods and Techniques 
A serious of experiments was performed to study the mechanical properties of UO2 thin films 
under heavy ion irradiation. The approach started with building magnetron sputtering system to deposit 
UO2 thin films on different substrates with different thicknesses. Each film was extensively investigated 
using several microanalytical techniques; X-ray diffraction (XRD), X-ray photoelectron spectroscopy 
(XPS), Rutherford backscattering spectroscopy (RBS), transmission electron microscopy (TEM), atomic 
force microscopy (AFM), and nanoindentation.  In addition, some films were irradiated by heavy ion 
using Van de Graaff accelerator. This chapter is presenting a detailed description of the film deposition 
system as well as the theoretical background of each technique used to analyze the UO2 films. 
2.1 UO2 Thin Film Deposition 
Uranium oxide properties have been intensely studied over decades because it is the fuel of 
nuclear power plants. Most of the studies have been done on bulk and powder samples. However, there 
are few attempts to study UO2 properties in the thin film geometry [1 – 9]. This section will discuss the 
deposition instruments used to grow single crystal UO2 thin films. 
2.1.1 Reactive Gas Magnetron Sputtering System  
One of the well-know methods to grow thin films is the physical vapor deposition (PVD), in 
which target materials, are vaporized into atoms or molecules then transfer through low pressure 
environment to condensate on a substrate. The deposition can be done using evaporation or sputtering [31 
– 33]. Sputter deposition uses energetic particles or atoms to bombard target materials, transferring the 
momentum energy to the surface particles of the target. This leads to the sputtering of the surface atoms 
or particles then condensate on the surface of a substrate. In the current study, Magnetron sputtering was 
used to deposit UO2 thin films, in which magnetic and electric fields were used to confine the electrons 
close to the surface of the target material, which acts as the cathode. Positive ions in the plasma are 
accelerated by the potential difference and bombard the negative target materials. 
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The ejected atoms or particles can react with reactive elements or molecules in the sputtering gas 
to form compounds or molecules before condensing on the substrate [33]. In the current study, oxygen 
gas was introduced to the system to combine with the sputtered U atoms. U - O molecules may also form 
by sputtering the target if it is poisoned, or combine at the substrate. By controlling the oxygen pressure 
into the deposition chamber, it is possible to control the resultant U - O compound and the film 
stoichiometry [32, 34].  
The deposition system for UO2 thin films deposition is consisted of two main chambers, a load-
lock and a primary chamber as shown in Figures 2.1 and 2.2. The load-lock chamber was used to load 
samples to avoid breaking the vacuum of the primary chamber. The two chambers are connected through 
gate valve (GV2). The primary chamber is always under vacuum of about 1E-8 Torr. It has three 
magnetron sputtering guns to create plasma over the sputtering targets, which are two inches diameter 
disks of metallic uranium, cerium, neodymium, or molybdenum. Each target is back plated with copper to 
enhance the heat transfer and is continuously cooled by water during the deposition time to avoid 
overheating.  
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Figure 2.1 Deposition system schematic [32]. 
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Figure 2.2 Magnetron sputtering system for UO2 thin film deposition 
 
Figure 2.3 Active Argon plasma at the surface of the U metal target.  
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2.1.2 Sample Preparation 
To avoid any contamination or impurities in the deposited UO2 films, experimental procedure of 
several steps performed to clean the substrate before introducing to the deposition chamber. First of all, 
the substrate, usually YSZ, ultrasonically cleaned for three minutes in trichloroethylene (TCE), acetone, 
and isopropyl alcohol (IPA) to remove any organic compound attached to the substrate surface. Then the 
substrate rinsed in methanol to remove any adsorbed water and finally rinse in de-ionized water to remove 
any chemical residuals. Second, the substrate attached to inconel mounting plate, polished surface face 
up, with low vapor pressure silver paint. The paint left for sixteen hours to dry up then the plate heated up 
to 200°C for one hour and 400°C for two hours respectively, to allow for better thermal conductivity 
between the substrate and the plate during the film deposition. Once the plate cooled down, it introduced 
to the system through a transferring arm inside the load-lock. The arm motion can be controlled manually 
using external magnetic couple.  
Once the mounting plate introduced to the main chamber, the vertical sample stage manually 
picked the plate and released the transfer arm back and the gate valve closed to maintain the vacuum. The 
sample stage can move vertically to control the distance between the sputtering targets and the substrates. 
All films were grown at a distance of approximately 25 cm from the U target to assure uniform deposition 
of the film. In addition, the mounting plate is in continuous rotation at 60 RPM during substrate annealing 
and film deposition to assure uniform heat distribution through the substrate. The system used two 
halogen bulbs to heat up the mount plate to 400°C for two hours followed by 750°C for another two hours 
to anneal the substrate before depositing the UO2 film.  
After the annealing time, the temperature brought down to 700°C to start the film deposition. 
High purity argon used as plasma sputtering gas as shown in Figure 2.3. Argon introduced to the system 
from high purity gas bottle has argon gas with 100 ppm oxygen which is used as a reactive gas to react 
with the sputtered U atoms to form UO2. This concentration of oxygen was used to allow oxygen gas to 
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have a pressure of about 1E-7 Torr, which is required to grow stoichiometric UO2. DC power supply used 
to ignite the argon plasma in current controlling mode over a range of 0.05 to 0.15 mA. The gas 
concentration monitored during the deposition process using Inficon Transpector XPRS mass 
spectrometer, while the film thickness and deposition rate monitored with Inficon TM-400 thickness 
monitor. It was found that the thickness monitor reading of the film thickness is usually 2 to 3 times 
higher than the actual thickness measured by X-ray diffraction (XRD) or Rutherford backscattering 
spectroscopy (RBS).  
When film growth is finished, the DC power supply turned off to stop the plasma ignition and the 
oxygen gas flow stopped. The temperature is slowly decreased to RT while the plate is continuously 
rotating. Once the plate cooled down, it removed out from the system using the transferring arm, while 
the system prepared to load another sample. 
2.2 X-ray Diffraction (XRD) 
 X-ray diffraction is a nondestructive analytical technique used to determine the material structure 
and crystallographic orientation. When x-rays pass through an array of atoms, it elastically scatters by the 
electrons in the outer shells of the atom. When two x-rays beams with wavelength λ incident on two 
planes of the crystalline material at θ angle, the x-ray beams scatter at the same θ angle with path 
difference between the two beams of 2dsinθ or n (integer) times of wavelengths as shown in Figure 2.4 
[35]. The scattering angle is related to the spacing distance between the diffraction planes through Bragg 
law, 
2 sinn d             (2.1) 
 Bragg law can be used to determine the d spacing between diffraction planes in any crystalline 
material and so the crystal lattice parameter (a) can be determined using the following, 
2 2 2
hkla d h k l  
 
         (2.2) 
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where h, k, and l are the Miller indices of the diffraction planes.  
In addition, x-ray diffraction can be used to determine the material crystallite size. Scherrer’s 
equation can be used to calculate the material’s coherence length as a function the peak’s full width half 
maximum (FWHM) in the specular scan as follow [36], 
cos( )
k
t
B


                 (2.3) 
where t is the crystallite size, k is a constants equal to 0.9, λ is the x-rays wavelength, B is FWHM of the 
Bragg peak in the specular scan, and θ is the Bragg angle. Since the peak broadening can occur due to 
instrumental limited resolution, strain, or crystal size, Scherrer’s equation only gives a lower limit of the 
crystallite size. 
In the current study, PANalytical / Philips X’pert MRD x-ray machine, shown in Figure 2.5, was 
used to perform x-ray diffraction measurements. It has Cu K-α1 source producing x-rays with wavelength 
of 1.54056Å. The measurements performed using high-resolution parallel beam configuration with hybrid 
mirror with x-ray mirror and 2-bounce monochromator (beam divergence = 30 arc-sec), high-speed line 
detector PIXcel© with scatter slit. 
 
Figure 2.4 X-ray Bragg diffraction. 
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Figure 2.5 PANalytical / Philips X’pert MRD X-ray machine. 
There are several types of scans can be performed using PANalytical / Philips X’pert MRD x-ray 
machine. The specular scan, also known as 2θ – Ω scan, in which the sample is positioned at angle 2θ 
with respect to the line detector and at angle Ω with respect to the x-ray source. The Ω angle is kept at 
half the value of 2θ angle during the specular scan, so that the detector and the x-ray source are rotating 
around the sample at consistent rate. This technique used to analyze the entire film as well as the substrate 
[33].  
Rocking curve is another scan used to analyze the broadening (mosaic) of the film peaks. The 
scan is performed by moving the x-ray beam with Ω angle around the film peak while holding the line 
detector at position of the film peak [33].  The difference between the specular and rocking scan is clear 
in the reciprocal space as shown in Figure 2.6. The specular scan used to scan the entire film while the 
rocking curve is performed perpendicular to the specular scan to analyze the broadening of film peaks. 
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Figure 2.6 Specular scan and rocking curve in reciprocal space mapping. The circles represent the film 
peaks. 
 Finally X-ray reflectivity (XRR) is basically a specular scan performed at low incidence angle. 
Part of the x-ray incident beam is reflected by the sample surface giving information about the sample 
thickness, surface roughness, and density.  
2.3 Heavy Ion Irradiation 
 Heavy ion irradiation was developed to simulate the effect of neutron damage the nuclear 
materials [37]. It provides an easy and fast method to create permanent damage into the material. 
Different ions accelerated up to high energies to penetrate the material and create displacement cascades 
and/or implant gas ions. Ion accelerators have the capability to control several irradiation parameters such 
as: the projectile, energy, dose, dose rate, irradiation time and temperature. By controlling these 
parameters, different experiments can be designed to study the material properties at different damage 
profiles, ion concentrations, and damage levels. In addition, heavy ion irradiation provides almost 
radioactivity free samples, making handling and performing experiments relatively easy compared to 
neutron irradiation samples [38].  
In the current study, 600 keV Kr
+
 and Xe
+
 ions were implanted into 4600/5000Å UO2 films at RT 
and 600°C to study the effect of displacement cascades accompanying fission gas bubbles on the 
mechanical properties of the films. In addition, 1.8 MeV Ar
+
 ions were implanted into 2000Å UO2 films 
to study the effect of displacement cascades only. All the irradiation experiments performed using the 
high voltage engineering Van de Graaff accelerator, shown in Figure 2.7, located in the Materials research 
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laboratory, University of Illinois at Urbana Champaign. The irradiation was performed under low 
pressure in the range of 1E-7 to 1E-9 Torr and the ion beam size was fixed at 4.5*4.5 mm
2
. 
 
Figure 2.7 High voltage engineering Van de Graaff heavy ion accelerator located in Materials Research 
Laboratory, University of Illinois. 
2.4 Rutherford Backscattering Spectroscopy (RBS) 
 The high voltage engineering Van de Graaff heavy ion accelerator has a beam line for RBS. It 
uses 2 MeV 
4
He beam at incident angle of 22.5° while the detector is located at scattering angle of 150°. 
Rutherford backscattering spectroscopy (RBS) is an ion beam accelerator technique used to determine the 
materials composition and thickness [39]. When a beam of ions passes through the material, some ions 
backscatter after columbic interaction with the target atoms. The energy of the scattered ions, E1, depend 
on its original energy, Eo, the masses of the projectile and the target m1 and mo as well as the scattering 
angle θ according to the equation 
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The probability that an ion scatter from a specific element in the target at specific scattering angle 
is given by  
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where Z1 and Zo are the atomic number of the projectile and the target ions respectively. The number of 
the backscattered ions from specific element and at specific scattering angle depends on the element 
concentration and its molecular size.  SIMNRA software was used to analyze the RBS data and determine 
the film thickness and composition [40].    
2.5 Nanoindentation 
Indentation testing such as Brenill, Knopp, Rockwell, and Vickers has been used for decades to 
measure the mechanical properties of materials in which a hard object is indented into the material 
making a permanent deformation [13]. The material properties are calculated as a function of the applied 
load, the indenter shape, and the dimensions of the residual deformation in the material. As the 
technology develops, nanoindentation came through, in which the applied indentation depth can be in the 
range of nanometers, makes it optimum for thin films application. 
The main difference between the nanoindentation and other standard indentation techniques is 
how to calculate the indentation area. Nanoindentation defines the area as the contact area between the 
indenter and the material surface at the highest indentation load, unlike conventional indentation testing 
which used the permanent impression on the material to calculate the indentation area [13].  
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Nanoindentation measurements were performed using Hysitron TI 950 TriboIndenter, shown in 
Figure 2.8. The instrument provides a precise control over the applied load and the indentation depth 
using two different transducers. The standard transducer, shown in Figure 2.9, can apply load over the 
range of 30 nN to 2 mN. In the same time it can operate in temperature range from 25 to 400 °C. The 
Omni probe can apply loads up to 2 N but limited to room temperature applications. Each transducer can 
work in several operation modes.  Displacement control mode was used to fix the movement of the tip to 
a certain depth in the material. On the other hand, load control mode fixes the applied load on the tip 
during the indentation. Finally, loading-unloading mode was used to apply several loading-unloading 
steps throughout the indentation to determine the material properties as a function of depth.  
Hysitron TI 950 TriboIndenter can perform several tests rather than indentation. It can perform 
nanoscratch tests to determine the material resistance and friction coefficients. In addition, it has the 
capability to measure time dependent properties, such as creep and viscoelasticity, using dynamic 
mechanical analysis.      
 
Figure 2.8 Hysitron TI 950 TriboIndenter. 
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Figure 2.9 Standard transducer holding an indentation tip for Hysitron TI 950 TriboIndenter. 
 
Nanoindentation is used to measure the elastic modulus and hardness of materials by indenting a 
hard tip in the material based on the model developed by Oliver-Pharr as explained in section 1.3.1. The 
model calculates the mechanical properties of the material as a function of the contact area between the 
indenter and the surface of the material. However, due to the manufacture limitation, the shape of the 
indenter and the contact area cannot be calculated directly. The tip was used to indent a standard sample, 
usually fused silica, with well-known mechanical properties, and the contact area is calculated by fitting 
the measured data with the standard values. 
Three sided pyramid Berkovich indenter with total included angle of 142.3º, shown in Figure 1.6, 
was used to perform the nanoindenation tests on the UO2 thin films. Aluminum target was used to 
calibrate the position of the indenting tip because it is very soft, so under the proper load the optical 
microscope can identify the indents easily. The position calibration was performed by positioning the 
optical focal point in the middle of a group of seven indents in the shape of H - pattern as shown in Figure 
2.10. 
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Figure 2.10 H - pattern on aluminum sample using Berkovich indenter at load of 8000 µN. 
Fused Silica sample, with well-known elastic modulus and hardness of 69.6 GPa and 9.2 GPa 
respectively, was used to calibrate the area function of the Berkovich indenter. A group of 60 indents was 
performed at different indentation depths to cover the whole range of indentation loads. The contact area 
is calculated as a function of the contact depth according to Equation 1.4. By using the known value of 
fused silica elastic modulus, the tip contact area can be calculated using equation 1.2. By plugging these 
values into equation 1.4, and plot the contact area versus the contact depth, as shown in Figure 2.11, the 
fitting constants found to be C1=-3.2461E2, C2=3.5180E4, and C3=-6.1577E4.   
After the calibration process, the UO2 films introduced to the system. The films are mounted 
using vacuum plate, in which mechanical pump suck the samples during the indentation process through 
hollow channels. The standard transducer was used to perform the indents on all the samples at a control 
load mode with fixed load of 5000 µN to avoid the indentation size effect [5].   
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Figure 2.11 Contact area for the Berkovich indenter versus contact depth. 
2.6 Transmission Electron Microscopy (TEM) 
 Transmission electron microscopy is a microscopy technique used to image objects at very high 
resolution compared to the optical microscope. It uses electron beams to pass through very thin layer of 
the material in the range of 100 nm. The image is constructed by the focusing the transmitted electron 
beam on imaging device like a fluorescent screen [38]. The microstructure of as-grown and irradiated 
UO2 thin films was investigated using the 2010LaB6 TEM instrument, shown in Figure 2.12, in the 
Materials research laboratory in University of Illinois. The instrument is optimized for bright and dark 
field imaging and capable of tilting the sample +/- 45°. 
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Figure 2.12 The JEOL 2010LaB6 TEM instrument. 
 In order to get TEM images, specimen thickness should not exceed few hundreds of nanometers 
to be transparent for the electron beam. Sample preparation for TEM imaging is a complex process and 
goes through several steps as follow, 
1) Cut the film/substrate unit into pieces of 2*2 mm using diamond saw, shown in Figure 2.13. 
2) Mount the sample on tripod sample holder using crystalbond. 
3) Use mechanical polisher to grind the sample to a thickness of 50 µm.  
4) Mount the sample on copper grid and use ion milling to thin the sample to approximately 100 nm. 
The ion milling was performed using GATAN 681 PIPS ion miller, shown in Figure 2.14. The 
accelerating voltage of the Ar ion beam 5 keV with the incline angle of 7° was used in the 
thinning process.  
5) Ar ion beam with 3 keV accelerating voltage used for 30 minutes to polish the sample surface. 
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Figure 2.13 Buehler diamond saw. 
 
Figure 2.14 GATAN 681 PIPS ion miller. 
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2.7 X-ray Photoelectron Spectroscopy (XPS) 
 X-ray photoelectron spectroscopy, also known as electron spectroscopy for chemical analysis 
(ESCA), is a surface analytical technique used to determine the elemental composition of the material 
surface [41]. It can detect the chemical environment of elements with concentration more than 0.05 in the 
sample. However H and He cannot be detected due to very low photoelectron cross section [41].  
 X-ray photoelectron spectroscopy is basically measuring the number of electrons detected due to 
photoelectric effect versus binding energy of each electron as shown in Figure 2.15. Monochromatic X-
ray beam is used to eject core electrons from the elements in the sample surface. The ejected electron has 
kinetic energy equal to the difference between the incident photon energy and the electron binding energy 
and the material work function. The ejected electron can be detected and binding energy can be calculated 
as follow: 
eBE h KE              (2.6) 
where BE is the binding energy of the core electron, hν is the incident photon energy, KEe is the kinetic 
energy of the ejected electron, and ϕ is the work function of the instrument. The binding energy of 
electrons is a discrete function and is unique for each element [41]. The number of detected electrons with 
certain binding energy is a function of the element concentration in the sample. 
In the current study, XPS measurements were performed using Physical Electronics PHI 5400 
instrument, shown in Figure 2.16, located in Materials research laboratory in University of Illinois. The 
instrument has dual anode Mg and Al x-ray source and monochromatic Al x-ray source. In the same time, 
it has 1 – 5 keV Ar ion gun used for sputtering. This capability is very useful in removing extra oxidation 
layer on the outer surface of the sample. 
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Figure 2.15 XPS survey scan on UO2 film. The scan shows the U4f, U5d, and O1s signal. In addition, 
C1s signal present on the film surface due to contamination.    
 
Figure 2.16 Physical Electronics PHI 5400 XPS instrument. 
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2.8 Atomic Force Microscopy (AFM) 
 Atomic force microscopy (AFM), also known as scanning force microscopy (SFM), is a scanning 
probe microscope used to scan material surfaces at very high resolution [42].  The technique is based on 
the detection of deflection in the movement of a sharp tip during scanning the surface of the material. A 
sharp tip connected to a flexible microcantaliver arm scan the material surface. Laser beam is used to 
detect the deflection in the probe motion as it meets topographic features on the surface. This motion can 
be used to construct a 3D image of the scanned surface. The main components of the AFM instrument are 
shown in Figure 2.17. 
In the current study, AFM was used to determine the roughness of the as-grown UO2 thin films. 
Asylum Research AFM instruments, shown in Figure 2.18, located in the located in Materials research 
laboratory in University of Illinois was used to scan the UO2 films. The scan was performed in tapping 
mode using Tap300Al-G probes provided by Budget Sensors, US. 
 
Figure 2.17 Basic AFM setup. The probe in mounted to a cantilever arm. Light source is used to monitor 
the deflection of the cantilever while scanning the surface [42].  
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Figure 2.18 Asylum Research AFM instruments. 
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Chapter 3. UO2 Thin Films Deposition, Characterization, and Irradiation 
3.1 Introduction 
Uranium oxide properties have been intensely studied over decades because it is the primary fuel 
of nuclear power plants. Most of the studies have been done on bulk and powder samples. However, there 
are few attempts to study UO2 properties in the thin film geometry.  
The first known trial to grow thin film of UO2 had been done by Birjega et al. [43]. 
Polycrystalline UO2 thin films were evaporated on three types of NaCl substrates; pure, doped with Pb or 
Ag and electrolytically coloured. Shoichi et al. prepared polycrystalline UO2 thin films on NaCl substrate 
to study the He ions energy loss in UO2 [44]. Miyake et al. deposited low crystalline UO2 thin films on 
quartz substrate [45], and Shiokawa et al. used the same substrate to grow UO2 thin films by chemical 
vapor deposition [46]. Miserque et al. showed that, UO2 thin films grown on polycrystalline gold disc, 
single crystal Si, and amorphous glass substrates have the same diffraction pattern [47].  
Qiu et al. grew amorphous UO2 films from solution on Fe foil [48]. The XRD spectra of the as-
grown film showed only the Fe substrate peaks. Chen et al. succeeded in growing preferentially oriented 
UO2 thin films with (111) planes on Si (111) substrate. These authors noticed that the crystallinity of the 
film increased with the thickness [49]. The only growth of single crystal UO2 thin film on a substrate has 
been reported by Burrell et al. [50]. They used a chemical solution deposition technique to grow single 
crystal UO2 thin film on LaAlO3 substrate. The XRD spectra showed that the film has a strong (100) peak 
and small (111) peak with intensity less than 2% relative to the (100) peak.  
This study used UO2 thin films as a surrogate for bulk UO2 samples to study the change in 
mechanical properties of nuclear fuel with radiation damage. All UO2 thin films used in this study have 
been deposited using magnetron sputtering deposition system on yttria stabilized zirconia (YSZ) single 
crystal substrate. In this chapter, several trials to deposit UO2 thin films on different substrates are 
presented, with the structural, chemical, and mechanical properties of the as-grown films.  
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3.2 UO2 Film Deposition on TiO2, Al2O3, YSZ, ZnO, and NdGaO3 Substrates 
Thin films of UO2 were deposited on several substrates to study the substrate effect on film 
growth and to perform different experiments [51, 52]. Five different substrates with different crystal 
structure and lattice constants were used to deposit UO2 thin films. All the substrates are oxide materials 
to avoid any possible interaction or diffusion of the anions atoms into the film [53]. 
UO2 thin films were deposited simultaneously on single crystal TiO2, Al2O3, YSZ, ZnO, and 
NdGaO3 substrates using magnetron sputtering technique. The structural properties of these substrates are 
given in Table 3.1. The sputtering process was occurred at current controlling mode, in which the ion 
current was fixed during the whole process at 0.056 mA while the power and voltage were around 20 W 
and 352 V respectively. Before the deposition process the substrates annealed at 400°C for two hours 
followed by another two hours annealing at 750°C. During the deposition process, the temperature was 
700°C and the oxygen partial pressure was 10
-5
 Pa. Additionally, the substrates were rotating at 60 RPM 
to insure uniform heat distribution and the growth rate was around 6.2 Å/sec.  
XRD was used to determine the structure of the thin films using Philips X’pert machine of Cu K-
α radiation of wavelength 1.540598Å. 2θ-Ω scan was performed over a range from 10 to 135 degrees for 
all deposited films. As shown in Figure 3.1, UO2 thin film deposited on TiO2 has single peaks at both 46.5 
and 104.38 degrees, which indicates that this film has (220) growth orientation. Thin films grown on 
Al2O3 and YSZ have a (200) growth orientation, while the film grown on ZnO has growth orientation of 
(111). Finally film grown on NdGaO3 has peaks very similar to the film grown on ZnO. However, the 
reflections are split about the expected location for (111) orientation.  
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Table 3.1 Structure characterization of TiO2, Al2O3, YSZ, ZnO, and NdGaO3 substrates   
Substrate* Crystal Structure Lattice constants Orientation 
TiO2 (Rutile) Tetragonal a=4.5936Å,  c= 2.9582 Å (100) 
Al2O3 (R-plane) Hexagonal a= 4.77 Å, c=13.04 Å (1  02) 
YSZ Cubic a= 5.125 Å (100) 
ZnO (C-plate) Hexagonal a= 3.252 Å ,  c = 5.313 Å (0001) O-face polished 
NdGaO3 Orthorhombic a=5.43 Å, b=5.50 Å, c=7.71 Å (100) 
*All substrates supplied by MTI Corporation, US, with the exception of Al2O3 substrate supplied by 
Crystal Gmbh, Germany. 
 
Figure 3.1 2θ-Ω scan for UO2 thin films deposited on different substrates, shown on the right of each 
curve, with indexing all the crystallographic orientation. 
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  In plane ϕ - scan was performed on all samples to assure the symmetry of the deposited UO2 thin 
film crystals. The ϕ - scan performed on (111) plane for film grown in (220) direction (UO2 deposited on 
TiO2 substrate) and films grown in (200) direction (UO2 deposited on YSZ and Al2O3 substrates), while it 
was performed on (200) plane for films grown in (111) direction (UO2 deposited on ZnO and NdGaO3).  
As shown in Figure 3.2, UO2 thin films grown on TiO2 has two fold of symmetry while films grown on 
YSZ and Al2O3 have four fold of symmetry, and finally films grown on ZnO and NdGaO3 have three fold 
of symmetry. It is noticed that, films grown on NdGaO3 substrates has two different peak intensities, 
which means there are two domains in the crystal. 
  The rocking curve was performed for the UO2 thin film grown on TiO2, Al2O3, YSZ, and ZnO are 
shown in Figure 3.3. The rocking curve is broad for TiO2 and ZnO substrates but it is very narrow for 
YSZ substrate, FWHM values for each rocking curves are given in Table 3.2. In the case of YSZ 
substrate, the rocking curve has a broad component with FWHM of 0.9964 and a narrow component with 
FWHM of 0.0630. As shown in Figure 3.3, the peak at (111) direction UO2 film grown on NdGaO3 was 
split into two peaks and Figure 3.4 shows the rocking curve for each peak. 
  Rutherford backscattering (RBS) was performed on the five samples as shown in Figure 3.5. In 
order to fit the experimental data for each sample, a rich oxygen layer was used on the sample surface, 
which indicates that the films absorb extra oxygen from the environment. Stoichiometric UO2 and 
substrate layers were used to complete the fitting. For film grown on Al2O3, an additional layer was added 
to account for the interdiffusion of Al into the UO2 film [53]. Table 3.3 summarizes all the fitting data. 
  From all the above, UO2 film deposited on all substrates have single growth directions, which 
means they are single crystals. UO2 films deposited on NdGaO3 showed split in the (111) orientation 
peak. The splitting of XRD peaks was noticed before in InGaN/GaN [54] and Ge:SiO2/SiO2 layers [55] 
and was referred, by the authors, to nonuniform strains induced in different regions of film matrix. RBS 
results demonstrated that Al from Al2O3 substrate diffuses into the UO2 film [53]. Finally, UO2 thin films 
grown on YSZ substrates have very narrow rocking curve with FWHH of 0.0566, giving the film the 
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highest coherence length and best crystal quality. Therefore, YSZ substrate was used as the main 
substrate for all samples used in the current study. 
 
Figure 3.2 In plane ϕ - scan for UO2 films deposited on five different substrates.  
Table 3.2 UO2 film orientation, lattice parameter, and symmetry on five different substrates. 
Substrate Film orientation Film lattice parameter (Å) FWHM 
TiO2 (2 2 0) 5.5193 5.0988 
Al2O3 (2 0 0) 5.4694 2.3433 
YSZ (2 0 0) 5.4840 0.0630 
ZnO (1 1 1) 5.4728 5.6478 
NdGaO3 (1 1 1) split 5.548 5.190 2.3932 2.4313 
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Figure 3.3 Rocking curve for UO2 films deposited on different substrates as shown on the right of each 
curve. 
 
Figure 3.4 Rocking curve for UO2 films deposited on NdGaO3 substrate, the (111) peak of the film split 
into two peaks as shown on the right of each curve. 
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Figure 3.5 RBS measurements for UO2 thin films on five different substrates as shown on the right of 
each curve. The circles represent the best fitting while the solid line represents the experimental data. 
Table 3.3 RBS fitting parameters for UO2 thin films grown on five different substrates. 
 
Substrate 
Layer Composition  
Total film 
thickness 
Surface Bulk Interdiffusion Substrate 
TiO2 UO2.57 UO2 - TiO2 403 
Al2O3 UO3.16 UO2 U0.7Al0.3O2 AL2O3 485 
YSZ UO3.76 UO2 - YSZ 480 
ZnO UO3.54 UO2 - ZnO 460 
NdGaO3 UO2.57 UO2 - NdGaO3 430 
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3.3 Structural Characterization of UO2 Films Deposited on YSZ Substrates  
Several UO2 thin films were deposited on YSZ substrate using magnetron sputtering deposition. 
The YSZ substrate contains 8 %mole Y2O3 and provided by supplied by MTI Corporation, US. The 
substrate is single crystal with ( 2 0 0) orientation as demonstrated by the 2θ-Ω scan over a range from 25 
to 135°, shown in Figure 3.6, while the rocking curve shows a very narrow peak with FWHM of 0.014 as 
shown in Figure 3.7. 
Throughout the study, several UO2 thin films had been deposited on YSZ substrate at different 
thicknesses and deposition condition such as oxygen pressure, deposition current, and deposition rate. 
Table 3.4 summarizes the deposition parameters for all films used in the current study. X-ray reflectivity 
(XRR) was used to determine the thickness of films with thickness of 1000Å or less, otherwise 
Rutherford backscattering (RBS) was used. 
As can be seen, there are a variety of deposition conditions for each film such as the deposition 
rate, which allow controlling of the film final thickness. Films 96, 93, and 37, with thicknesses of 27Å, 
55Å, and 400Å, show the deposition system ability to grow single crystal films even with that small 
thickness. The three films have (200) single crystallographic orientation as shown in Figure 3.8. Sample 
96 has a wider broad peak than sample 93 due to the very low thickness, while sample 37 has a well-
defined peak compared to the other two samples since it is about 8 times thicker. Figure 3.9 shows that, 
the rocking curves of samples 96 and 93 have single components with FWHM of 0.064 and 0.102 
respectively, while sample 37 has two components due to the increased thickness with FWHM of 0.063 
and 0.9964. Figure 3.10 shows the XRR scans, the size of the thickness fringes increases with reducing 
the film thickness.  
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Figure 3.6 2θ-Ω scan for YSZ (8 %mole Y2O3) substrate, with indexing all the crystallographic 
orientation.  
 
Figure 3.7 Rocking curve for YSZ (8 %mole Y2O3) substrate. 
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Table 3.4 Deposition parameters and conditions for all UO2 thin films used in the study. 
Sample 
number 
Deposition 
temperature 
(°C) 
Power 
(Watt) 
Current 
(A) 
Voltage 
(V) 
Oxygen 
Pressure 
(Torr) 
Growth 
rate 
(Å/sec) 
Final 
thickness 
(Å) 
37 700 17 0.050 321 1E-7 3.4 480 
39 700 36 0.101 347 1E-7 6.8 7000 
41 700 37 0.101 354 1E-7 7.1 3600 
45 700 20 0.058 326 1E-7 4.0 740 
49 700 36 0.101 342 1E-7 --** 4600 
62 700 34 0.101 328 1E-7 --** 3000 
64 700 53 0.150 346 1E-7 --** 7200 
92 700 37 0.101 353 1E-7 3.4 7500 
93 700 --* 0.101 --* 1E-7 3.4 55 
96 700 --* 0.030 --* 1E-7 0.9 27 
97 700 37 0.101 351 1E-7 3.5 2000 
98 700 37 0.101 349 1E-7 3.4 5000 
99 700 37 0.101 349 1E-7 3.5 5000 
* Short deposition time. ** Thickness monitor out of order. 
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Figure 3.8 2θ-Ω scan for samples 96, 93, and 37 with indexing all the crystallographic orientation.  
 
Figure 3.9 Rocking curve samples 96, 93, and 37. The rocking has one component in samples 96 and 93, 
while it has two components for sample 37. 
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Figure 3.10 X-ray reflectivity scans for sample 96, 93, and 37 with dotted lines show the size of the 
thickness fringes. 
 
Thick films, such as sample 97, 62, 98, and 64 with thicknesses of 2000, 3000, 5000, and 7200Å 
respectively, have well defined single peaks in XRD, as shown in Figure 3.11, compared to thin samples 
shown in Figure 3.8. Rocking curves show two components for each film, but the narrow components 
reduce with increasing the film thickness as shown in Figure 3.12.   
The disappearance of the narrow peak is accompanied with the reduction in the lateral coherence 
length of the film. According to Scherrer’s formula (equation 2.3), the film coherence length decreases 
with the increase in FWHM of the peak [36]. Figure 3.13 shows that the lateral coherence lengths for 
films with 500Å or less were about 1300Å, while it reduced to about 160Å as the film thickness increased 
to more than 2000Å. 
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Figure 3.11 2θ-Ω scan for samples 97, 62, 98, and 64 with indexing all the crystallographic orientation.  
 
Figure 3.12 Rocking curve samples 97, 98, and 64. 
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Figure 3.13 Lateral coherence lengths versus film thickness. 
3.4 Oxidation States of UO2 Films 
 Stoichiometry is an important factor in studying uranium-oxygen systems since uranium has a 
high affinity to oxygen plus its oxidation state can change from +2 to +6 [56]. In the same time, nuclear 
fuel mechanical properties change with O/M ratio [3].  
X-ray photoelectron spectroscopy (XPS) was used to study the chemical state of the deposited 
thin film and the effect of heavy ion irradiation on the stoichiometry. As can be noticed in Figure 3.14, the 
U-4f electron binding energy is almost the same for irradiated and nonirradiated films on the surface and 
after sputtering off a layer of about 10Å from the film. This means that, heavy ion irradiation (1.8 MeV 
Kr
+
 at dose of 2E16 ions/cm²) has no effect on the film stoichiometry. It is clear that the U-4f peaks on the 
surface scan are asymmetric, indicating a mixed 4+/6+ valence state, consistent with U3O7 or U3O8. After 
sputtering 10Å from the surface, the peak become more symmetric with reasonable peak widths (~2 eV) 
at the locations expected for U4+ valence state in UO2 [53]. 
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Figure 3.14 XPS spectra of the U-4f electron binding energy on the film surface and 10Å deep. 
 
3.5 Time Dependent Surface Stoichiometry 
Working with UO2 is challenging due to the oxidation in open air. Therefore, some changes have 
been noticed in the films over time. Figure 3.15 shows the X-ray diffraction pattern of the same UO2 thin 
film after keeping in open air for 1 and 19 months. As the time goes, a shoulder just attached to the (4 0 0) 
and (6 0 0) peaks starts to develop, giving evidence that the film surface is oxidized to U4O9.  
X-ray photoelectron spectroscopy (XPS) was used to examine the change of the film surface over 
time. Figure 3.16 shows the XPS spectra of UO2 thin film after 1, 5, and 19 months of deposition. Two 
extra oxidation peaks were developed at higher binding energies with increasing time to air exposure. The 
oxidation peaks were found to be consistent with the formation of HO and H2O layers on the surface of 
[56, 57].  
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Figure 3.15 XRD pattern of sample 45 kept in open air after 1 and 19 months of deposition. The arrows 
pointed to the positions of U4O9 peaks. 
 
Figure 3.16 XPS spectra of the O-1S electron binding energy on the surface of sample 45 after 1, 5 and 19 
months of deposition. The arrows pointed extra oxidation peaks. 
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The surface oxidation was found to affect the nanoindentation measurements as shown in Figure 
3.17. The mechanical properties of sample 62 were measured five months apart. The elastic modulus of 
the film did not change, while the hardness showed an 8% increase, as summarized in Table 3.5. This is 
attributed to the oxidation layer on the film surface. In order to avoid this change in mechanical properties 
due to oxidation, all the heavy ion irradiation and the nanoindentation measurements were performed 
within one month of the film deposition. This procedure was adapted to assure that, all the measured 
changes in the film properties are due to the irradiation effects only.   
Table 3.5 Mechanical properties of sample 62 after 3 and 8 months of film deposition. 
Time after deposition Reduced modulus (GPa) Hardness (GPa) 
3 months 224.5 14.3 
8 months 224.5 15.5 
 
 
Figure 3.17 Load-displacement curves for sample 62 after 3 and 8 months of the deposition. 
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3.6 UO2 Film Microstructure 
The microstructure of the as-grown UO2 thin films was investigated using Transmission electron 
microscopy (TEM). The micro-diffraction pattern shows that the 4600Å UO2 thin film (sample 49) is 
single crystal with (2 0 0) crystallographic orientation, as shown in Figure 3.18.  
Cross sectional TEM images revealed that UO2 films were deposited on the YSZ substrate in 
vertical columns extended from the film-substrate interface up to the film surface, as shown in Figure 
3.19. This columnar structure is common in the thin film deposition and was noticed in several studies [58 
– 60]. Plan view TEM image show that the as-grown UO2 film has several dislocation lines as shown in 
Figure 3.20. Dislocations were formed due the misfit between the film and substrate lattices [61, 62]. 
 
Figure 3.18 Microdiffraction pattern for 4600Å UO2 film (sample 49).  
63 
 
 
Figure 3.19 Bright-field cross sectional TEM image for sample 49. The image shows the columnar grains 
of the UO2 thin film.  
 
Figure 3.20 Bright-field, plan view TEM imager in under focus for sample 49. Black arrows are pointing 
to dislocation lines.  
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3.7 Surface Morphology of UO2 Thin Films 
 Atomic force microscopy (AFM) was used to measure the surface roughness of the film. Asylum 
research AFM instrument was used to scan the surface of sample 49 at tapping mode using Tap300-G tip 
provided by Budget sensors. The scan covered an area of 5x5 µm and the measured roughness was about 
3Å as shown in Figure 3.21. This means that, the film is very smooth and the roughness is not affecting 
the nanoindentation measurements, in which a diamond tip indent the material to depth of about 100 nm 
or more.   
 
Figure 3.21 AFM scan of the surface of sample 49. The film roughness is about 3Å. 
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3.8 Mechanical Properties of UO2 Films 
 The mechanical properties of the UO2 films are affected by the substrate. If the substrate is harder 
than the film, the film material piles up around the indenter tip. On the other hand, if the substrate is softer 
than the film, the film sinks in the substrate under indentation. Both scenarios may affect the 
nanoindentation measurements of the film properties. This section will focused on the effect of substrate 
by investigating the properties of the film-substrate system at different film thicknesses.  
3.8.1 Film – Substrate System 
Nanoindentation was used to calculate the hardness and elastic modulus of YSZ (8 %mole Y2O3) 
substrates to find its exact properties. The results were collected in load control mode, in which the 
applied load is allowed to increase with a constant rate up to a specified maximum load, the load is 
released. This mode shows the change of indentation depth with increasing the indentation load, which 
can be compared to the finite element simulation.  
To assure the uniformity of the results, each sample was indented at nine different positions 
following a pattern of 3x3 points separated by 50 µm each. Figure 3.22 shows the spread of the measured 
elastic modulus at nine different positions on bare YSZ substrate. All the measurements were performed 
at a constant maximum load of 5000 µN, but there is a spread in the contact depth over only the range of 
1.25 nm resulting in the spread of reduced modulus data over a range of only 6 GPa. The standard 
deviation of the results is 1.64 as summarized in Table 3.6. 
The measured hardness at nine different positions is shown in Figure 3.23. It is noticed that the 
hardness is almost changing linearly with contact depth over a range of about 1.25 nm with a standard 
deviation of 0.12. This is due to the fact that, hardness is inversely proportional to contact area and so to 
contact depth according to Equations 1.4 and 1.6. Both Figures 3.24 and 3.25 show the reduced modulus 
and hardness in different position on sample 49 with standard deviation of 2.42 and 0.1 respectively.   
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It can be noticed that the nanoindentation measurements are very consistent and uniform over 
YSZ and sample 49-ref surfaces as well as all samples used in the whole study. Therefore, only average 
reduced modulus and hardness results as well as load-displacement curves will be presented for all 
samples and the error bars will represent the standard deviation of the measurements.  
It is worth mentioning that, two different batches of YSZ substrates were used in the current 
study. Although both of them were single crystals with (200) crystallographic orientation, but they were 
prepared using different polishing methods. Thus, they have different mechanical properties as shown in 
Figure 3.26. The two batches are defined as substrate-A and substrate-B. Substrate-A has elastic modulus 
and hardness of 211.8 GPa and 18.4 GPa, while substrate-B has 225.6 GPa and 21.8 GPa respectively. 
 
Table 3.6 Average reduced modulus and hardness of nine different measurements and its standard 
deviation. 
 
Sample 
Reduced modulus Hardness 
Average value (GPa) Standard deviation Average value (GPa) Standard deviation 
YSZ 211.8 1.64 18.4 0.12 
49-ref 204.9 2.42 11.8 0.10 
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Figure 3.22 Reduced modulus as a function of contact depth at nine different positions on bare YSZ 
substrate. 
 
Figure 3.23 Hardness as a function of contact depth at nine different positions on bare YSZ substrate. 
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Figure 3.24 Reduced modulus as a function of contact depth at nine different positions on sample 49-ref. 
 
Figure 3.25 Hardness as a function of contact depth at nine different positions on sample 49-ref. 
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Figure 3.26 Loads versus displacement for YSZ substrate-A and YSZ substrate-B. 
 
Load versus displacement curves for both sample 49-ref and bare YSZ substrate-A are shown in 
Figure 3.27. It is noticed that, the applied 5000 µN load moved the Berkovich indenter about 134 nm deep 
into the film-substrate system, while it moved only 113 nm into the bare substrate. This means that the 
film shows less resistance for the indenter motion than the YSZ substrate. Therefore, UO2 films are softer 
than YSZ as can be seen in Table 3.7. In the same time, the contact stiffness (slope of the unloading 
curve) are very close and so both UO2 and substrate have almost the same elastic modulus. 
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Figure 3.27 Average loads versus displacement for both sample 49-ref and YSZ substrate. 
 
In order to study the change in mechanical properties with depth, nanoindentation experiments 
were performed in load-unloading mode. The indenter was pushed back and forward into the material 
with consistently increasing until the maximum applied load. This mode gives the ability to measure the 
hardness and elastic modulus at each unloading step as a function of indentation depth.  
As shown in Figure 3.28 and 3.29, the reduced modulus and hardness data for sample 49 and 
YSZ substrate below contact depth of 25 nm, the surface cutoff, are not reliable due to the poor contact 
between the material surface and the indenter. The film hardness does not change up to contact depth of 
50 nm, and then it starts to increase with increasing depth. This behavior is due to the substrate effect; the 
film properties is unaffected by the substrate within 10% of its thickness [22], then the harder substrate 
starts to push the hardness values up as the indenter goes deeper into the film as shown in Figure 3.29. 
The elastic modulus of both the film and the substrate are very close, as summarized in Table 3.6, and 
follow the same trend with contact depth as shown in Figure 3.28.  
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Figure 3.28 Reduced modulus for sample 49-ref and the YSZ substrate at various contact depths. The 
dotted line shows the surface cutoff. 
 
Figure 3.29 Hardness for sample 49-ref and YSZ substrate at various contact depths. The dotted line 
shows the surface cutoff. 
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3.8.2 Thickness Effect 
Three UO2 thin films, samples 62, 49-ref, and 64, with thicknesses of 3000, 4600, and 7200Å 
respectively were used to investigate the thickness effect on the mechanical properties of the film.  
 Figure 3.30 shows the load displacement curves for the three films after the indentation. For the 
same maximum indentation load (5000 µN), the indenter moved only about 120 nm in sample 62, while 
the displacement increased to 134 and 136 nm for samples 49-ref and 64. In other words, the indentation 
depth increased with the film thickness. This means that, sample 62 is the hardest film while sample 64 is 
the softest film as summarized in Table 3.7. As the thickness of the film increases, the substrate effect on 
the nanoindentation measurements decreases and the measurements start to saturate as it approach to the 
bulk property with hardness of 9.4 GPa [16]. It can be noticed that, this value is very close to hardness of 
sample 64 with 10.7 GPa. 
Samples 49-ref and 64 have almost the same unloading slope which is lower than the slope for 
the 3000Å thick thin film. These observations can be explained as the sample 62 has a higher reduced 
modulus than both samples 49-ref and 64. 
The substrate effect can be observed in the change of material’s properties with contact depth as 
shown in Figure 3.31 and 3.32. The measured reduced modulus and hardness values are not reliable up to 
about 25 nm contact depth because the poor contact between the material’s surface and the indenter. The 
three samples have almost the same hardness up to 50 nm contact depth, which agrees with the general 
rule that the substrate effect can be ignored within the upper 10% of the film thickness. The substrate 
effect can be seen clearly in the three samples starting at contact depths of about 60 nm at which the 
hardness starts to increase with contact depth because the substrate is harder than the film. Sample 62 is 
the most affected by the substrate since it has the higher increasing rate of hardness followed by sample 
49-ref and 64 respectively. The substrate effect is not clear in the change of reduced modulus with contact 
depth, but the reduced modulus of the three samples started to saturate around contact depth of 35 nm. 
73 
 
 
Figure 3.30  Load – displacement curve for samples 62, 49-ref, 64, and YSZ substrate. 
Table 3.7 Reduced modulus and hardness for samples 62, 49-ref, 64, and YSZ substrate. 
Sample Film thickness (Å) Reduced modulus (GPa) Hardness (GPa) 
YSZ substrate-A 0 211.8 18.4 
62 3000 221.0 14.4 
49-ref 4600 204.9 11.8 
64 7200 195.5 10.7 
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Figure 3.31 Reduced modulus for samples 62, 49-ref, and 64. The dotted line shows the surface cutoff. 
 
Figure 3.32 Reduced modulus for samples 62, 49-ref, and 64. The dotted line shows the surface cutoff. 
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3.9 Heavy Ion Irradiation of UO2 Thin Films 
As explained in details in Section 1.5, two sets of experiments were proposed to study the 
mechanical response of UO2 to radiation damage. First, samples 49 and 98 irradiated with 600 keV Kr
+
 
and Xe
+
 ions at doses ranging from 1E14 to 1E16 ions/cm
2
 at 25ºC and 600°C respectively. These 
irradiation conditions were chosen to assure that Xe
+
 and Kr
+
 ions were implanted into the UO2 thin film 
to study the effect of gas bubbles on the mechanical properties of nuclear fuel. 
Second, in order to study the effect of displacement cascades only on the mechanical properties of 
nuclear fuel, sample 97 irradiated with 1.8 MeV Ar
+
 ions at doses from 1E15 to 2E16 ions/cm
2
. The film 
thickness and irradiation conditions were chosen to assure that no gas bubbles was formed into the film. 
All irradiation processes were performed at 25ºC.  
 All irradiation processes were performed in high voltage engineering Van de Graaff accelerator, 
in the Materials research laboratory, University of Illinois at Urbana Champaign. In order to minimize the 
oxidation effect on the film surfaces, all irradiations were completed under a pressure less than 10
-8
 Torr. 
This low pressure was achieved by loading the samples one day in advance and pumps the irradiation 
chamber for at least 14 hours before irradiation.   
Finally all the irradiated samples are summarized in Table 3.8 with their thicknesses and 
irradiation conditions. In addition, each sample was given an ID, which will be used in the rest of the 
thesis to simplify the referral to the samples. The sample ID “49-25C-600Kr-1E15” explain the sample 
irradiation conditions such that; this is sample 49, irradiated at 25ºC with 600 keV Kr
+
 ions at a dose of 
1E15 ions/cm
2
. 
 
 
 
76 
 
Table 3.8 Irradiation conditions for all UO2 thin films used in the study. 
Sample 
Thickness 
(Å) 
Annealing 
Irradiation 
temperature 
(°C) 
Ion Energy 
Dose 
(ions/cm
2
) 
Sample ID 
49-ref 4600 -- -- -- -- 49-ref 
49C1 4600 -- 25 600 KeV Xe
+
 1E14 49-25C-600Xe-1E14 
49C2 4600 -- 25 600 KeV Xe
+
 5E14 49-25C-600Xe-5E14 
49C3 4600 -- 25 600 KeV Xe
+
 1E15 49-25C-600Xe-1E15 
49C4 4600 -- 25 600 KeV Xe
+
 5E15 49-25C-600Xe-5E15 
49B2 4600 -- 25 600 KeV Xe
+
 1E16 49-25C-600Xe-1E16 
49D1 4600 -- 25 600 KeV Kr
+
 1E14 49-25C-600Kr-1E14 
49D2 4600 -- 25 600 KeV Kr
+
 5E14 49-25C-600Kr-5E14 
49D3 4600 -- 25 600 KeV Kr
+
 1E15 49-25C-600Kr-1E15 
49D4 4600 -- 25 600 KeV Kr
+
 5E15 49-25C-600Kr-5E15 
49B3 4600 -- 25 600 KeV Kr
+
 1E16 49-25C-600Kr-1E16 
98-ref 5000 -- -- -- -- 98-ref 
98-ann 5000 
600°C for 
90 minutes 
-- -- -- 98-ann 
98B1 5000 -- 25 600 KeV Kr
+
 1E14 98-25C-600Kr-1E14 
98B2 5000 -- 25 600 KeV Kr
+
 5E14 98-25C-600Kr-5E14 
98B3 5000 -- 25 600 KeV Kr
+
 1E15 98-25C-600Kr-1E15 
98B4 5000 -- 25 600 KeV Kr
+
 5E15 98-25C-600Kr-5E15 
98B5 5000 -- 25 600 KeV Kr
+
 1E16 98-25C-600Kr-1E16 
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Table 3.8 continue 
Sample 
Thickness 
(Å) 
Annealing 
Irradiation 
temperature 
(°C) 
Ion energy 
Dose 
(ions/cm
2
) 
Sample ID 
99A 5000 -- 600 600 KeV Kr
+
 1E14 98-600C-600Kr-1E14 
99B 5000 -- 600 600 KeV Kr
+
 1E15 98-600C-600Kr-1E15 
99C 5000 -- 600 600 KeV Kr
+
 5E15 98-600C-600Kr-5E15 
99D 5000 -- 600 600 KeV Kr
+
 1E16 98-600C-600Kr-1E16 
99E 5000 -- 600 600 KeV Kr
+
 1.5E16 
98-600C-600Kr-
1.5E16 
97-ref 2000 -- 25 1800 KeV Ar
+
 -- 97-ref 
97C1 2000 -- 25 1800 KeV Ar
+
 1E15 97-25C-1800Ar-1E15 
97C2 2000 -- 25 1800 KeV Ar
+
 5E15 97-25C-1800Ar-5E15 
97C3 2000 -- 25 1800 KeV Ar
+
 1E16 97-25C-1800Ar-1E16 
97C4 2000 -- 25 1800 KeV Ar
+
 2E16 97-25C-1800Ar-2E16 
 
XRD demonstrated that heavy ion irradiation with Kr
+
, Xe
+
, or Ar
+
 ions have no effect on the thin 
film crystal structure, phase, or orientating, but peak broadening was noticed. Scherrer’s formula 
(Equation 2.3) can be used to calculate the material’s coherence length as a function the peak’s full width 
half maximum (FWHM) in the specular scan [36]. Scherrer’s equation only gives a lower limit of the 
crystallite size. Scherrer’s equation was used to determine the crystal size of the unirradiated and 
irradiated samples 49 and 97 as shown in Table 3.9.  
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Table 3.9 XRD diffraction angle, FWHM, and coherence length for samples 49 and 97 irradiated at 25°C 
and sample 98 irradiated at 600°C. 
Sample ID 2θ (deg.) FWHM Coherence length (Å) 
49-ref 32.72 0.15 551 
 49-25C-600Kr-1E14 32.54 0.17 486 
49-25C-600Kr-5E14 32.51 0.19 435 
49-25C-600Kr-1E15 32.48 0.18 459 
49-25C-600Kr-5E15 32.49 0.20 413 
49-25C-600Kr-1E16 32.49 0.20 413 
49-25C-600Xe-1E14 32.58 0.18 459 
49-25C-600Xe-5E14 32.52 0.21 393 
49-25C-600Xe-1E15 32.50 0.21 393 
49-25C-600Xe-5E15 32.54 0.23 359 
49-25C-600Xe-1E16 32.52 0.31 266 
97-ref 32.70 0.20 413 
97-25C-1800Ar-1E15 32.67 0.21 394 
97-25C-1800Ar-5E15 32.65 0.20 413 
97-25C-1800Ar-1E16 32.63 0.18 459 
97-25C-1800Ar-2E16 32.61 0.19 435 
98-ref 32.77 0.17 487 
98-ann 32.71 0.17 487 
98-600C-600Kr-1E14 32.69 0.16 517 
98-600C-600Kr-1E15 32.70 0.19 435 
98-600C-600Kr-5E15 32.61 0.22 376 
98-600C-600Kr-1E16 32.60 0.21 394 
98-600C-600Kr-1.5E16 32.60 0.21 344 
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Sample 49-ref has FWHM of 0.15 and a coherence length of 551 Å. After irradiating with either 
600 keV Xe
+
 or 600 keV Kr
+
 at 25ºC, the Bragg peaks started to broaden and FWHM increased,  as a 
result of introducing low tilt angle boundaries (dislocations) due to irradiation. Therefore, the film 
coherence length decreased with increasing the radiation dose. Figure 3.33 shows that the coherence 
length reduced after irradiation with either Xe
+
 or Kr
+
 ions. In the same time, it saturated after dose of 
5E15 ions/cm
2
 of Kr
+
 ions due to the high number of dislocations in the film coming from the misfit 
between the film and substrate lattices. 
Sample 98 was irradiated with 600 keV Kr
+
 at 600°C. The coherence length did not change by 
annealing, while it increased once the film irradiated with 1E14 ions/cm
2
. This increase is attributed to 
recrystalization happened in the UO2 film, as will be explained in more details in Chapter 4. After this 
increase, the coherence length kept decreasing with irradiation dose as shown in Figure 3.34. 
On the other hand, sample 97 has FWHM of 0.2 and a coherence length of 413 Å, about 25% less 
than sample 49-ref. This decrease in the coherence length is due to the misfit between the film and the 
substrate lattices forcing the thinner film to be more strained and defected. After irradiating with 1.8 MeV 
Ar
+
 at 25ºC, the Bragg peak was broaden at dose of 1E15 ions/cm
2
, then it reduced, leading to the 
increase in the coherence length as shown in Figure 3.35. This behavior is attributed to the large 
dislocation density in the film due to the misfit between the lattices. 
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Figure 3.33 Coherence lengths for sample 49 irradiated with 600 keV Xe
+
 and Kr
+
 ions at 25ºC. 
 
Figure 3.34 Coherence lengths for sample 99 irradiated with 600 keV Kr
+
 ions at 600 °C. 
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Figure 3.35 Coherence lengths for 97 irradiated with 1.8 MeV Ar
+
 ions at 25ºC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
82 
 
Chapter 4. Radiation Effects of the Mechanical Properties of UO2 Thin Films 
4.1 Introduction 
Nuclear fuel is exposed to an extreme environment, and is regularly subjected to neutron 
irradiation, high temperature, formation of fission gas bubbles, and displacement cascades formed due to 
the bombardment of fission products. All these conditions lead to microstructural changes in the fuel, 
which then influence the macroscopic properties. Gas bubbles are formed in the fuel due to the emission 
of inert gases are known to increase the hardness of the fuel since they act as obstacles for dislocation 
motion [63 – 65], while the fuel’s elastic modulus is a function of the point defects formed by the 
bombardment with fission products  [66, 67].  
The mechanical properties of the nuclear fuel are crucial for the fuel performance, as well as the 
pellet cladding mechanical interaction [2 – 5]. However, very few studies regarding the mechanical 
properties of UO2 exist. All the studies and currently accessible data were obtained in different conditions 
of grain sizes, U-235 enrichment amounts, and additives. Such studies are incomparable and sometimes 
contradicting [2, 3, 17 – 20].  
This chapter shows a new method to study the mechanical properties of UO2. UO2 thin films are 
used as a surrogate for bulk material. The use of thin film geometry gives the ability to study the effect of 
the displacement cascades independently of the effect of fission gas bubbles by choosing the right 
combination of film thickness and irradiation conditions. In addition, nanoindentation can be used to 
determine mechanical properties of the thin films under heavy ion irradiation.  
The chapter is divided into two sections. The first section focuses on the effect of displacement 
cascade damage accompanying fission gas bubble formation on the mechanical properties of UO2 thin 
films. Nanoindentation measurements for 4600Å and 5000Å UO2 films irradiated with 600 keV Kr
+
 and 
Xe
+
 ions over range of 1E14 to 1E16 ions/cm
2
 at 25°C and 600°C will be presented. The second section 
focuses on the effect of displacement cascade damage alone on the mechanical properties. 
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Nanoindentation measurements for 2000Å UO2 films by irradiated with 1.8 MeV Ar
+
 ions at doses 
ranging from 1E15 to 2E16 ions/cm
2
 at 25°C will be presented. At the same time, transmission electron 
microscopy (TEM) images will be displayed to investigate the change in the microstructure of the 
irradiated films and find possible connections to the mechanical properties.  
4.2 Effect of Displacement Cascades Accompanying Fission Gas Bubble Formation 
This work focuses on studying the change in mechanical properties of uranium oxide after the 
formation of fission gas bubbles and displacement cascades. 600 keV Xe
+
 and Kr
+
 ions implanted into 
UO2 thin films with 4600Å thickness at doses of 1E14, 5E14, 1E15, and 1E16 ions/cm
2
. All irradiation 
processes were performed at 25°C and 600ºC. These irradiation conditions were chosen to assure that Xe
+
 
and Kr
+
 ions are embedded into the UO2 thin film to focus the study upon the effect of gas bubbles on the 
mechanical properties of nuclear fuel. 
Figure 4.1 shows that Xe
+
 and Kr
+
 ions had a maximum range of about 2500 and 4000Å in UO2 
with peak concentration at 1040Å and 1629Å respectively. The energy loss for both ions was confined in 
the same area as shown in Figure 4.2. All the irradiation parameters were calculated using TRIM [68] and 
are summarized in Table 4.1.  
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Figure 4.1 Xe
+
 and Kr
+
 atomic concentration in UO2 thin film irradiated with 600 keV Xe
+
 and Kr
+
 ions at 
dose of 1E14 ions/cm². 
 
Figure 4.2 Xe
+
 and Kr
+
 atomic concentration in UO2 thin film irradiated with 600 keV Xe
+
 and Kr
+
 ions at 
dose of 1E14 ions/cm². 
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Table 4.1 Implantation parameters for Xe
+ 
and Kr
+ 
ions. 
Ion 
Energy 
(keV) 
Range 
(Å) 
Fd (ev/Å.ion) 
Dose 
(ions/cm²) 
Average atomic 
concentration (at %) 
Average  
dpa 
 
 
Xe
+
 
 
 
600 
 
 
1040 
 
 
400 
1E14 0.03 1 
5E14 0.16 7 
1E15 0.32 15 
5E15 1.61 76 
1E16 3.23 152 
 
 
Kr
+
 
 
 
600 
 
 
1629 
 
 
240 
1E14 0.02 <1 
5E14 0.10 4 
1E15 0.2 8 
5E15 1.01 43 
1E16 2.03 86 
 
4.2.1 Irradiation at 25°C 
In order to study the effect of displacement cascades accompanying the formation of fission gas 
bubbles on mechanical properties of UO2, 4600Å thin films deposited on YSZ substrate-A were irradiated 
with 600 keV Kr
+
 ions over a dose range of 1E14 to 1E16 ions/cm
2
. The irradiation performed at 25°C 
was completed to study the response of the as-grown film to radiation damage with the variability due 
high temperature eliminated. For simplicity, each sample used in this section are given an ID according to 
Table 2.12 and these ID will be used throughout and summarized in Table  4.2.  
Figure 4.3 shows the load-displacement curves for the as-grown film as well as the irradiated 
films. For the same maximum applied load (5000 µN), all irradiated films have a smaller penetration 
depth compared to sample 49-ref, which implies that the material is hardening with irradiation. The 
reference sample had a hardness of 11.8 GPa, which jumped up to 14.5 GPa once the sample was 
irradiated with 1E14 ions/cm
2
. The hardness then saturated at approximately 14.1 GPa, as shown in 
Figure 4.4 and as summarized in Table 4.3. On the other hand, the reduced modulus decreased from 204.9 
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to 181.3 GPa once the sample was irradiated with 1E14 ions/cm
2
, then saturated with increasing radiation 
dose around 180 GPa, as Figure 4.5 shows.  
Table 4.2 Irradiation conditions for UO2 thin films irradiated with Kr
+ 
ions to study the effect of 
displacement cascades and fission gas bubbles at 25°C. 
Sample ID Thickness (Å) Ion Energy Dose (ions/cm
2
) 
49-ref 4600 -- -- 
49-25C-600Kr-1E14 4600 600 keV Kr
+
 1E14 
49-25C-600Kr-5E14 4600 600 keV Kr
+
 5E14 
49-25C-600Kr-1E15 4600 600 keV Kr
+
 1E15 
49-25C-600Kr-1E16 4600 600 keV Kr
+
 1E16 
 
 
Figure 4.3 Load – displacement curve for UO2 thin films deposited on YSZ substrate and irradiated with 
600 keV Kr
+
 ions at 25°C with different irradiation doses. 
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Figure 4.4 Hardness versus irradiation dose for UO2 thin films irradiated with 600 keV Kr
+
 ions at 25°C. 
 
Figure 4.5 Reduced modulus versus dose for UO2 thin films irradiated with 600 keV Kr
+
 ions at 25°C. 
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Table 4.3 Reduced modulus and hardness for UO2 thin films grown on YSZ substrate and irradiated with 
600 keV Kr
+
 ions at 25°C. 
Sample Reduced modulus (GPa) Hardness (GPa) 
49-ref 204.9 11.8 
49-25C-600Kr-1E14 181.3 14.5 
49-25C-600Kr-5E14 183.3 13.9 
49-25C-600Kr-1E15 182.1 14.2 
49-25C-600Kr-1E16 179.4 14.3 
 
Transmission electron microscopy (TEM) was used to study the change in the film microstructure 
after irradiation. The microdiffraction pattern showed no change in the UO2 film orientation or signs of 
recrystallization occurring after irradiation. The film remained a single crystal with a (2 0 0) orientation, 
as is exhibited in Figure 4.6 and 4.7.   
TEM plan-view images for films 49-25C-600Kr-1E15 and 49-25C-600Kr-1E16 are shown in 
Figure 4.8 - 4.11 respectively. The images show that round features with size of 1.18±0.1 nm. These 
features had opposite contrast, when over and under focus imaging conditions were utilized, which is a 
signature of bubbles or voids exist in the film due to the Kr
+
 ions irradiation.  
The increase in the hardness, even with a small dose, occurs via the formation of gas bubbles and 
displacement cascades into the UO2 matrix after irradiation. The bubbles act as obstacles for dislocation 
motion and induce hardening. This occurs by a mechanism in which dislocation lines bypass an array of 
impenetrable particles such as bubbles, voids, or precipitates, while the applied stress forces them to bow 
around these obstacles. Once a critical stress is achieved, the dislocation lines meet back, leaving a 
circular loop around a precipitate or passing through the void/bubbles, as shown in Figure 4.12. This 
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mechanism of hardening is known as Orowan hardening [63-65] and has been seen in Ni with internal 
oxide precipitates [69], He-implanted Ni [70], and He-implanted Cu [71]. 
 Orowan hardening mechanism expects the resultant critical resolved shear stress (CRSS) to be: 
       (4.1) 
         (4.2) 
due to the presence of an array of obstacles in the path of a line dislocation. [63, 69, 70]. In this 
mechanism, τ is the critical resolved shear stress, µ is the shear modulus, b is the Burgers vector, ν is the 
Poisson’s ratio, Lp is the edge to edge spacing between randomly spaced obstacles, d is the bubble 
diameter, and f is the bubble volume fraction. 
To calculate the CRSS induced in UO2 due to the presence of gas bubbles, the bubble size and 
density were measured using the TEM images shown in Figures 4.8 - 4.11. The size of the bubbles was 
estimated to be 1.18±0.1 nm using over focus TEM images, and the bubble size distribution for sample 
49-25C-600Kr-1E16 is shown in Figure 4.13. The bubble number was counted in a certain area and then 
was divided by the volume of the sample while the sample thickness was assumed to be 100 nm. Table 
4.4 summarizes the results of bubbles size, density, volume fraction and separation for UO2 films 
irradiated with 600 keV Kr
+
 ions at 25°C. The shear modulus of UO2 was found to be 76.3 GPa [66] and 
the Burgers vector for (2 0 0) single orientation film was estimated to be 0.274 nm. As shown by the 
experiment, CRSS increases with bubble density, as Table 4.4 displays.  
These results are accompanied with yield strength values as estimated by FEM (Chapter 5) in 
order to provide a quantitative relation between the CRSS and yield strength. This correlation will show 
conclusive evidence regarding the applicability of Orowan hardening mechanism to the hardening 
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behavior. Meanwhile, hardness can be used as a good representation of the material yield strength, since 
several studies have postulated a linear relation between the hardness and the yield strength [72 - 74].  
The hardness of the UO2 films saturated with irradiation dose, as can be seen in Figure 4.4. This 
saturation cannot be explained within the context of an increase in the bubble density and associate 
CRSS. However, it is likely due to the presence of a large number of dislocations in the as-grown film 
(Figure 4.6) as well as the irradiated films due to the misfit between the film and the substrate lattice 
constants [61, 62]. If the dislocation density is high enough, newly formed point defects and displacement 
cascades are more likely to react with the existing defect clusters and erase them [65, 75, 76].   
The unirradiated thin films have a reduced modulus of approximately 205GPa, while all of the 
irradiated thin films have a lower reduced modulus of approximately 180 GPa, as shown in Figure 4.5 and 
as summarized in Table 4.3. Elastic modulus is a material property, which represents a measurement of 
the material’s resistance to separation of adjacent atoms [77]. The change in elastic modulus is always 
related to the change in interatomic bonding, mainly due to the presence of point defects. The change in 
elastic modulus with irradiation can be due to two reasons. First, the presence of vacancies or interstitial 
defects changes the total number and strength of the interatomic bonds in the system. Second, the point 
defects induce lattice expansion and associated change in bond forces [67, 78]. The reduction of elastic 
modulus with point defects has been reported for fluorite-structure in pure and gadolinium-doped CeO2 
by measuring the change in elastic modulus with oxygen partial pressure at 800°C using nanoindentation 
[78, 79].  
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Figure 4.6 Microdiffraction pattern for as-grown 4600Å UO2 film (Sample 49-ref).  
 
Figure 4.7 Microdiffraction pattern for UO2 film irradiated with 600 keV Kr
+
 ions at 25°C with 1E15 
ions/cm
2 
(Sample 49-25C-600Kr-1E15). 
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Figure 4.8 Plane view image for UO2 thin film irradiated with 600 keV Kr
+
 ions at a dose of 1E15 
ions/cm
2 
at 25°C (Sample 49-25C-600Kr-1E15); over focus. 
 
Figure 4.9 Plane view image for UO2 thin film irradiated with 600 keV Kr
+
 ions at a dose of 1E15 
ions/cm
2
 at 25°C (Sample 49-25C-600Kr-1E15); under focus. 
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Figure 4.10 Plane view image for UO2 thin film irradiated with 600 keV Kr
+
 ions at a dose of 1E16 
ions/cm
2
 at 25ºC (Sample 49-25C-600Kr-1E16); over focus. 
 
Figure 4.11 Plane view image for UO2 thin film irradiated with 600 keV Kr
+
 ions at a dose of 1E16 
ions/cm
2
 at 25ºC (Sample 49-25C-600Kr-1E16); under focus. 
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Figure 4.12 Moving of dislocation line under shear stress, σs, through an array of voids or bubbles [65]. 
 
Figure 4.13 Bubble size distribution in sample 49-25C-600Kr-1E16. The average size is 1.18 nm with a 
standard deviation of 0.1. 
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Table 4.4 Bubbles size, density, volume fraction, separation and resultant critical resolved shear stress for 
UO2 films irradiated with 600 keV Kr
+
 ions at 25ºC. 
Sample 
Bubble diameter 
(nm) 
Bubble density 
(nm
-3
) 
Bubble volume 
fraction (%) 
Average bubble 
separation (nm) 
CRSS 
(GPa) 
49-25C-600Kr-1E15 1.18±0.1 3.46E-5 0.0029 10 0.3021 
49-25C-600Kr-1E16 1.18±0.1 1.44E-4 0.012 6 0.6928 
 
Thin films of UO2 were irradiated with 600 keV Xe
+
 ions at different irradiation doses as 
summarized in Table 4.5. The thin films were irradiated with doses of 1E14, 5E14, and 1E16 ions/cm
2
. 
The load-displacement curves showed hardening with Xe
+ 
implantation, as seen in Figure 4.14. Both 
Figures 4.15 and 4.16 show that the reduced modulus decreased with irradiation while hardness increased 
in a similar fashion as 600 keV Kr
+
 irradiation did. All of the values of hardness and reduced modulus as 
a function of irradiation doses are summarized in Table 4.6.  
Table 4.5 Irradiation conditions for UO2 thin films irradiated with Xe
+ 
ions to study the effect of 
displacement cascades and fission gas bubbles at 25°C. 
Sample ID Thickness (Å) Ion energy Dose (ions/cm
2
) 
49-ref 4600 -- -- 
49-25C-600Xe-1E14 4600 600 keV Xe
+
 1E14 
49-25C-600Xe-5E14 4600 600 keV Xe
+
 5E14 
49-25C-600Xe-1E15 4600 600 keV Xe
+
 1E15 
49-25C-600Xe-5E15 4600 600 keV Xe
+
 5E15 
49-25C-600Xe-1E16 4600 600 keV Xe
+
 1E16 
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Figure 4.14 Load – displacement curve for UO2 thin films deposited on YSZ substrate and irradiated with 
600 keV Xe
+
 ions at 25°C with different irradiation doses. 
 
Figure 4.15 Reduced modulus versus dose for UO2 thin film irradiated with 600 keV Xe
+
 ions at 25°C. 
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Figure 4.16 Hardness versus irradiation dose for UO2 thin films irradiated with 600 keV Xe
+
 ions at 25°C. 
Table 4.6 Reduced modulus and hardness for UO2 thin films grown on YSZ substrate and irradiated with 
600 keV Xe
+
 ions at 25°C. 
Sample Reduced modulus (GPa) Hardness (GPa) 
0 204.9 11.8 
49-25C-600Xe-1E14 175.2 14.2 
49-25C-600Xe-5E14 166.0 14.3 
49-25C-600Xe-1E16 199.7 14.8 
 
4.2.2 Irradiation at 600°C 
To study the effect of irradiation temperature on the mechanical properties of UO2 thin films, 
5000Å UO2 films deposited on YSZ substrate-B were irradiated with 600 keV Kr
+
 ions at 600ºC, as 
summarized in Table 4.7. In addition, irradiation at 25°C was performed for the same samples to compare 
the temperature effect. The irradiation beam current was 100 nA to avoid overheating; and the total time 
at elevated temperature was approximately 90 minutes.  
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Figure 4.17 shows the load-displacement curves for 600 keV Kr
+
 irradiated UO2 thin films at 
600ºC in addition to the reference sample (98-ref) and the annealed sample (98-ann), which was exposed 
to the same thermal history as the other samples. For the same maximum applied load (5000 µN), the 
annealed sample has a higher penetration depth than the reference sample. This implies the sample 
softened with annealing due to the recovery of material defects. For sample 98-600C-600Kr-1E14, there 
was a slight decrease in hardness, but as the irradiation dose increased, the hardness increased 
systematically up to 18.31 GPa at a dose of 1.5E16 ions/cm
2
, as shown in Figure 4.18 and as summarized 
in Table 4.8. 
Table 4.7 Irradiation conditions for UO2 thin films irradiated with Kr
+ 
ions to study the effect of 
displacement cascades and fission gas bubbles at 25°C and 600°C. 
Sample ID Thickness (Å) Temperature (°C) Ion energy Dose (ions/cm
2
) 
98-ref 5000 25 -- -- 
98-ann 5000 600°C for 90 minutes -- -- 
98-25C-600Kr-1E14 5000 25 600 keV Kr
+
 1E14 
98-25C-600Kr-5E14 5000 25 600 keV Kr
+
 5E14 
98-25C-600Kr-1E15 5000 25 600 keV Kr
+
 1E15 
98-25C-600Kr-5E15 5000 25 600 keV Kr
+
 5E15 
98-25C-600Kr-1E16 5000 25 600 keV Kr
+
 1E16 
98-600C-600Kr-1E14 5000 600 600 keV Kr
+
 1E14 
98-600C-600Kr-1E15 5000 600 600 keV Kr
+
 1E15 
98-600C-600Kr-5E15 5000 600 600 keV Kr
+
 5E15 
98-600C-600Kr-1E16 5000 600 600 keV Kr
+
 1E16 
98-600C-600Kr-1.5E16 5000 600 600 keV Kr
+
 1.5E16 
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Figure 4.17 Load – displacement curve for UO2 thin films deposited on YSZ substrate and irradiated with 
600 keV Kr
+
 ions at 600ºC with different irradiation doses. 
 
Figure 4.18 Hardness versus irradiation dose for UO2 thin films irradiated with 600 keV Kr
+
 ions at 
600ºC. Ho and HT are the hardness of the untreated sample and the annealed sample respectively. 
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Figure 4.19 Reduced modulus versus dose for UO2 thin films irradiated with 600 keV Kr
+
 ions at 600ºC. 
Eo and ET are the reduced modulus of the untreated and the annealed sample respectively. 
Figure 4.19 shows that the elastic modulus decreased by approximately 9% after annealing at 
600ºC for about 90 minutes. This reduction is due to the increase in the lattice parameter of the UO2 thin 
film by annealing from 5.470 to 5.478Å, measured by XRD. The relationship between the reduction of 
elastic modulus and the increasing of the lattice parameter has been demonstrated theoretically and 
experimentally in oxides with fluorite structures [78, 79]. After the irradiation with 1E14 ions/cm
2 
at 
600ºC, the elastic modulus decreased about 7% compared to the annealed film due to the introduction of 
point defects [66, 67]. As the irradiation dose increased to 1.5E16 ions/cm
2
, the elastic modulus 
systematically increased, as shown in Figure 4.19 and as displayed in Table 4.8.  
In order to explain the material behavior under irradiation, TEM plan view images were used to 
investigate the microstructure evolution. Figures 4.20 and 4.21 show several Moiré patterns formed in 
samples 98-600C-600Kr-1E14 and 98-600C-600Kr-1E16. These patterns are known to form if two or 
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more crystalline grains overlap at a certain angle [80]. This is a signature of the formation of 
nanocrystallites during the irradiation at 600°C.  
Table 4.8 Reduced modulus and hardness for UO2 thin films grown on YSZ substrate and irradiated with 
600 keV Xe
+
 ions at both 25ºC and 600ºC with different irradiation doses. 
Sample ID Temperature (ºC) Reduced modulus (GPa) Hardness (GPa) 
98-ref 25 239.54 15.36 
98-25C-600Kr-1E14 25 218.57 16.79 
98-25C-600Kr-5E14 25 219.38 17.79 
98-25C-600Kr-1E15 25 217.92 17.39 
98-25C-600Kr-5E15 25 221.55 17.66 
98-25C-600Kr-1E16 25 223.40 17.84 
98-ann 600 217.78 14.98 
98-600C-600Kr-1E14 600 201.74 14.63 
98-600C-600Kr-1E15 600 207.22 15.32 
98-600C-600Kr-5E15 600 213.51 16.39 
98-600C-600Kr-1E16 600 218.74 17.66 
98-600C-600Kr-1.5E16 600 221.21 18.31 
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During irradiation, the internal energy of the material is reduced by annihilation or recovery of 
point defects, dislocations, and recrystallization [81]. The recrystallization process starts with the 
formation of cellular network of dislocations, then the annihilation of dislocations inside the cells, and 
finally the formation of the cells [82]. The newly formed nanocrystallites have average size of 3 and 2 nm 
after irradiation with 1E14 and 1E16 ions/cm
2
.  
The nanocrystallites number density and volume fraction increased with irradiation dose as 
shown by the increase of the intensity of the diffraction rings in Figures 4.22 and 4.23. The diameter of 
the nanocrystallites diffraction rings are smaller than the distance between the (0 0 2) diffraction spots. 
This is attributed to the change in orientation of the nanocrystallites according to: 
            (4.3) 
where D1 and D2 are the diameters of the diffraction rings and d1 and d2 are the interplanar distances. The 
interplanar distance for the newly formed ring was found to be 3.131Å, very close to the interplanar 
distance for (1 1 1) crystallographic orientation with 3.148Å [56].   
Nanocrystallites, like bubbles and precipitates, harden the material because they act as obstacles 
for dislocation motion [65]. The resultant CRSS due to these nanocrystallites was calculated using 
equations 4.1 and 4.2 and is summarized in Table 4.9.  
Table 4.9 Nanocrystallites size, density, volume fraction, and the resultant critical resolved shear stress 
for UO2 films irradiated with 600 keV Kr
+
 ions at 600°C with different irradiation doses. 
Sample 
Nanocrystal 
diameter (nm) 
Nanocrystal 
density (nm
-3
) 
Nanocrystal volume 
fraction (%) 
CRSS (GPa) 
98-600C-600Kr-1E14 3 ±0.5 1.8E-4 0.2548 3.865 
98-600C-600Kr-1E16 2 ±0.5 5.4E-4 0.3277 5.730 
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Figure 4.20 Plan view image for UO2 film irradiated with 600 keV Kr
+
 ions at 600°C with 1E14 ions/cm
2
. 
The arrows pointed to different nanocrystallites (Sample 98-600C-600Kr-1E14). 
 
Figure 4.21 Plan view image for UO2 film irradiated with 600 keV Kr
+
 ions at 600°C with 1E16 ions/cm
2
. 
The arrows pointed to different nanocrystallites (Sample 98-600C-600Kr-1E16). 
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Figure 4.22 Microdiffraction pattern for UO2 film irradiated with 600 keV Kr
+
 ions at 600°C with 1E14 
ions/cm
2 
(Sample 98-600C-600Kr-1E14).  
 
Figure 4.23 Microdiffraction pattern for UO2 film irradiated with 600 keV Kr
+
 ions at 600°C with 1E16 
ions/cm
2 
(Sample 98-600C-600Kr-1E16).  
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TEM images indicated gas bubble formation in samples 98-600C-600Kr-1E14 and 98-600C-
600Kr-1E16, as shown in Figures 4.24 - 4.27. The bubble diameter is 0.7 nm with standard deviation of 
0.07 as shown in Figure 4.28. The measured bubble density and volume fraction are less than bubbles 
formed due to irradiation at 25°C. This is attributed to radiation-induced recrystallization forcing the gas 
bubbles to migrate out of the system. This results in the decrease of CRSS with the increasing of 
irradiation dose, as summarized in Table 4.10. In addition, the low density and volume fraction of gas 
bubbles compared to nanocrystallites, allows the latter to be the the main source of hardening in the 
irradiated films.  
The hardness, which acts as an indication of the material yield strength [72 – 74], increases 
consistently with irradiation dose, as seen in Figure 4.18, and with the associate CRSS induced by the 
nanocrystallites. This implies that hardening of UO2 thin films due to irradiation at 600°C follows the 
Orowan hardening mechanism [63 – 65]. The elastic modulus of UO2 films also increases systematically 
with irradiation dose, as shown in Figure 4.19. This behavior is attributed to the recrystallization process.  
Table 4.10 Bubbles size, density, volume fraction, separation and resultant critical resolved shear stress 
for UO2 films irradiated with 600 keV Kr
+
 ions at 600°C with different irradiation doses. 
Sample 
Bubble 
diameter (nm) 
Bubble density 
(nm
-3
) 
Bubble volume 
fraction (%) 
Average bubble 
separation (nm) 
CRSS 
(GPa) 
98-600C-600Kr-1E14 0.7 ±0.07 7.3E-5 1.31E-3 10 0.2116 
98-600C-600Kr-1E16 0.7 ±0.07 8.6E-6 1.55E-4 20 0.0644 
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Figure 4.24 Plane view image for UO2 thin film irradiated with 600 keV Kr
+
 ions at a dose of 1E14 
ions/cm
2
 at 600°C; over focus (Sample 98-600C-600Kr-1E14). 
 
Figure 4.25 Plane view image for UO2 thin film irradiated with 600 keV Kr
+
 ions at a dose of 1E14 
ions/cm
2
 at 600°C; under focus (Sample 98-600C-600Kr-1E14). 
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Figure 4.26 Plane view image for UO2 thin film irradiated with 600 keV Kr
+
 ions at a dose of 1E16 
ions/cm
2
 at 600°C; over focus (Sample 98-600C-600Kr-1E16). 
 
Figure 4.27 Plane view image for UO2 thin film irradiated with 600 keV Kr
+
 ions at a dose of 1E16 
ions/cm
2
 at 600°C; under focus (Sample 98-600C-600Kr-1E16). 
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Figure 4.28 Bubble size distribution in sample 98-600C-600Kr-1E16. The average size is 0.7 nm with a 
standard deviation of 0.07. 
 
In comparison, the change in hardness and elastic modulus after irradiation with 600 keV Kr
+
 
ions at both 25ºC and 600ºC is plotted in Figures 4.29 and 4.30 respectively. Both hardness and elastic 
modulus saturate with irradiation dose at 25ºC, due to the high density of defects in the as grown as well 
as the irradiated film. These defects form due to the misfit between the film and substrate lattices [61, 62]. 
On the other hand, the mechanical properties do not saturate with irradiation at 600°C, but both hardness 
and elastic modulus increase systematically with dose primary due to the formation of nanocrystallites 
and the recovery of defects discussed earlier.  
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Figure 4.29 Hardness versus dose for UO2 films irradiated with 600 KeV Kr
+
 ions at both 25ºC and 
600ºC. Ho and HT are the hardness of the untreated sample and the annealed sample respectively. 
 
Figure 4.30 Reduced modulus versus dose for UO2 films irradiated with 600 KeV Kr
+
 ions at both 25ºC 
and 600ºC. Eo and ET are the reduced modulus of the untreated and the annealed sample respectively. 
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4.3 Effect of Displacement Cascade Damage  
Thin film geometry can be used to separate the effect of radiation displacement cascades from 
fission gas bubble formation by controlling the film thickness and the irradiation parameters.  In this 
section, the change in mechanical properties of UO2 thin films with the displacement cascade damage will 
be presented. Irradiation of 2000Å UO2 thin films with 1.8 MeV Ar
+
 ions over dose range of 1E15 to 
2E16 ions/cm
2
 has been performed at 25ºC as summarized in Table 4.11. These irradiation conditions 
were chosen so that Ar
+
 ions will be implanted into the YSZ substrate and only displacement events will 
affect the UO2 thin films. 
Figure 4.31 shows that the differential energy deposition is almost uniform over the entire film 
thickness (2000Å) and Figure 4.32 shows that the atomic concentration of Ar
+
 is very low (6E17 
ions/cm³) which corresponds to 0.074% atomic concentration at the highest irradiation dose of (2E16 
ions/cm
2
) as summarized in Table 4.12. The radiation damage effect of Ar
+
 ions increased with dose 
starting from 1E15 up to 2E16 ions/cm
2
 with equivalent radiation damage of 1 to 20 dpa.  
Table 4.11 Irradiation conditions for UO2 thin films irradiated with Ar
+ 
ions to study the effect of 
displacement cascades on mechanical properties at 25ºC. 
Sample ID Thickness (Å) Ion energy Dose (ions/cm
2
) 
97-ref 2000 -- -- 
97-25C-1800Ar-1E15 2000 1800 keV Ar
+
 1E15 
97-25C-1800Ar-5E15 2000 1800 keV Ar
+
 5E15 
97-25C-1800Ar-1E16 2000 1800 keV Ar
+
 1E16 
97-25C-1800Ar-2E16 2000 1800 keV Ar
+
 2E16 
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Figure 4.31 Differential energy depositions in 2000Å UO2 film deposited on YSZ substrate irradiated 
with 1.8 MeV Ar
+
 ions at dose of 1E15 ions/cm² respectively. 
 
Figure 4.32 Atomic concentration in 2000Å UO2 film deposited on YSZ substrate irradiated with 1.8 
MeV Ar
+
 ions at dose of 1E15 ions/cm² respectively. 
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Table 4.12 Implantation parameters for Ar⁺ ions. 
Ion Energy (keV) Range (Å) Fd (ev/Å.ion) 
Dose 
(ions/cm²) 
Average atomic 
concentration (at %) 
Average  
dpa 
Ar⁺ 1800 7182 30 
1E15 0.0037% 1 
5E15 0.0186% 5 
1E16 0.037% 10 
2E16 0.074% 20 
 
Figure 4.33 shows the load-displacement curves for 1.8 MeV Ar
+
 irradiated UO2 thin films at 
25ºC. For the same maximum applied load (5000 µN) all irradiated films had less penetration depth than 
the unirradiated sample. This implies the films harden with irradiation. This clearly appears in Figure 4.34 
and summarized in Table 4.13 as the hardness increased from 18.3 GPa to 19.6 GPa after irradiation with 
1E15 ions/cm
2
. The hardness then saturated with radiation dose. The unirradiated thin film has a reduced 
modulus of 234.7 GPa, and all irradiated thin films have lower reduced modulus as shown in Figure 4.35.  
The increase in the hardness can be explained by the formation of displacement cascades as well 
as the formation of gas bubbles when the sample is irradiated even at the lowest dose of 1E15 ions/cm
2
. 
Although the presence of gas bubbles in the film was not expected due to the very low Ar atomic 
concentration as shown in Figure 4.32 and Table 4.13, TEM images showed that bubbles were formed 
inside the UO2 thin films as shown in Figures 4.36 - 4.39. The bubbles had average diameter of 1.5 nm 
with standard deviation of 0.1 as shown in Figure 4.40. 
Gas bubbles act as obstacles for dislocation motion [63 – 65] and the resultant CRSS from the 
presence of bubbles increases with the radiation dose and the bubble density as summarized in Table 4.14. 
This increase in CRSS did not follow the increase in hardness, which implies that the defects 
concentration reach to saturation once the materials had been irradiated. The as-grown film has a high 
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dislocation density, as shown in Figure 4.41, due to the misfit between the film and substrate lattices [61, 
62]. If the dislocation density is high, point defects and displacement cascades created due to irradiation, 
are likely to react with the original defects and erase them [65, 75, 76].   
The reduced modulus decreased with irradiation dose by 4%. This decrease is attributed to point 
defects created by irradiation and the change in the total number of nearest neighbors [52, 53].  
 
Figure 4.33 Load – displacement curve for UO2 thin films deposited on YSZ substrate and irradiated with 
1.8 MeV Ar
+
 ions at 25°C with different irradiation doses. 
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Table 4.13 Reduced modulus and hardness for UO2 thin films grown on YSZ substrate and irradiated with 
1.8 MeV Ar
+
 ions at 25°C with different irradiation doses. 
Sample ID Reduced modulus (GPa) Hardness (GPa) 
97-ref 234.7 18.3 
97-25C-1800Ar-1E15 228.0 19.6 
97-25C-1800Ar-5E15 225.4 19.8 
97-25C-1800Ar-1E16 223.1 19.6 
97-25C-1800Ar-2E16 227.7 19.7 
 
 
Figure 4.34 Hardness versus irradiation dose for UO2 thin films irradiated with 1.8 MeV Ar
+
 ions at 25°C. 
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Figure 4.35 Reduced modulus versus dose for UO2 thin films irradiated with 1.8 MeV Ar
+
 ions at 25 °C. 
 
Table 4.14 Bubbles size, density, volume fraction, separation and resultant critical resolved shear stress 
for UO2 films irradiated with 1.8 MeV Ar
+
 ions at 25°C with different irradiation doses. 
Sample 
Bubble 
diameter (nm) 
Bubble 
density (nm
-3
) 
Bubble volume 
fraction (%) 
Average bubble 
separation (nm) 
CRSS 
(GPa) 
97-25C-1800Ar-1E15 1.5±0.1 2.72E-5 0.00104 20 0.1554 
97-25C-1800Ar-2E16 1.5±0.1 5.91E-5 0.00492 10 0.3758 
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Figure 4.36 Plane view image for UO2 thin film irradiated with 1.8 MeV Ar
+
 ions at a dose of 1E15 
ions/cm
2
; over focus. 
 
Figure 4.37 Plane view image for UO2 thin film irradiated with 1.8 MeV Ar
+
 ions at a dose of 1E15 
ions/cm
2
; under focus. 
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Figure 4.38 Plane view image for UO2 thin film irradiated with 1.8 MeV Ar
+
 ions at a dose of 2E16 
ions/cm
2
; over focus. 
 
Figure 4.39 Plane view image for UO2 thin film irradiated with 1.8 MeV Ar
+
 ions at a dose of 2E16 
ions/cm
2
; under focus. 
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Figure 4.40 Bubble size distribution in sample 97-25C-1800Ar-2E16. The average size is 1.5 nm with a 
standard deviation of 0.1. 
 
Figure 4.41 Plane view BF image for reference 2000Å UO2 thin film. 
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Chapter 5. Finite Element Modeling of Nanoindentation 
Finite element modeling is used to eliminate the effect of the substrate on the nanoindentation 
measurements and to extract mechanical properties of irradiated and/or implanted thin films. Figure 5.1 
shows the overall FEM modeling steps. The first step was building the model, which is consisted of the 
indenter and the substrate or film and substrate assembly. The bare substrate was simulated as a single 
layer while the unirradiated thin film was simulated as two layers; the surface layer represented the UO2 
thin film and the second layer represented the YSZ substrate.  
The indenter was described as rigid body that could not be deformed during the simulation. This 
is a valid approximation since the indenter is made out of diamond and shows a very small elastic 
response (elastic modulus equal to 1140 GPa [23]). All materials were simulated using classical metal 
plasticity model in ABAQUS [27], in which the mass density, Poisson’s ratio, elastic modulus, and yield 
strength of each material are required. Work hardening can be modeled by introducing the work 
hardening exponent, but both YSZ and UO2 are ceramics, therefore it was not included into the 
simulation. The mass density and Poisson’s ratio were fixed in all simulations, while approximate values 
for the elastic modulus and yield strength were used. All materials were assumed to be locally isotropic 
since the probing area of nanoindentation is very small, about 1000 nm in diameter as shown in Figure 
5.2. 
The second step was meshing the material. The model was divided into small elements with the 
number density increasing in the high deformation area (underlying the surface layer and around the 
indentation area) and decreasing with depth. This arrangement was used to save computational time. The 
third step was the step definition, in which the indentation process was simulated by moving the indenter 
to a certain depth inside the material, then moving it back. This method was used to model the loading 
and unloading steps in the nanoindentation measurements. 
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The fourth step was comparing the resultant force versus displacement curve to the experimental 
curve. The modeling process was repeated with different elastic modulus and/or yield strength values to 
fit the experimental indentation curve.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Overall finite element modeling steps. 
Building the model 
Update material 
properties 
Characterization of the 
mechanical properties of 
thin films under irradiation 
Compare results to 
experimental data 
Step definition 
Mesh generation 
Radiation damage profile  
(irradiated thin film will be  
divided into sub layers to  
mimic the radiation damage 
with depth) 
Material’s properties  
(elastic constant, yield 
strength, density,  
Poisson’s ratio) 
Architecture of the system  
(indenter, irradiated and  
non-irradiated layers of  
thin film, substrate) 
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Figure 5.2 AFM image for nanoindent performed using Berkovich indenter on 4600Å UO2 thin film at a 
maximum load of 5000 µN. 
 
5.1 Tip Curvature Effect and FEM for Fused Silica 
The indentation depth in nanoindentation experiments is typically in the range of hundreds of 
nanometers, which makes it very sensitive to shape of the indenter. Due to the manufacture limitation, the 
tip of the Berkovich indenter has bluntness with a radius of curvature of approximately 150 nm. This tip 
curvature can affect the simulation results and therefore it should be included in the FEM simulation. A 
3D FEM simulation is challenging due to the difficulty of building a spherical tip on the top of three sided 
pyramid, as well as very long computation time is required. The problem was reduced to 2D simulation 
and the 3D Berkovich indenter was replaced with 2D conical indenter with apex angle of 70.3°. This
 
gives the same contact area as the Berkovich indenter [13, 83 - 86]. 
The problem was modeled as 2D axisymmetric mesh using ABAQUS standard [27]. The size of 
the mesh was 3*3 μm, which is large enough compared to the indentation depth (about 100 nm) to avoid 
the boundaries effect. Friction coefficient between the indenter and the sample was changed in several 
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simulations from 0.1 to 0.9, and no effect has been noticed. Therefore, the value of 0.1 was used in all 
upcoming simulation. 
The sample was divided into a mesh of small elements. The smallest element size, just under the 
indenter, was 15*20 nm. The entire model consisted of 4020 elements as shown in Figure 5.3. 
Displacement and rotational movements were allowed at the bottom of the cell, while nodes on the 
axisymmetric line had the ability to move in the vertical direction only. 
At the beginning of the simulation, the indenter was just in contact with the sample surface. The 
loading step was simulated by moving the indenter 150 nm into the material, then moving it back to 
simulate the unloading step. The reaction forces and stresses were calculated for each step as a function of 
the indenter displacement.  
 
Figure 5.3 Elements distribution throughout the entire axisymmetric model for fused silica sample. 
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In order to determine the tip radius of curvature, four 2D simulations were performed on fused 
silica sample, which has well defined elastic modulus, yield strength, and hardness as summarized in 
Table 5.1. Each FEM simulation used different radius of curvature for the indenter tip, ranging from 100 
nm to 250 nm. The resultant load-displacement curves are shown in Figure 5.4. As the radius of curvature 
increases the loading rate increases too and so the maximum applied force required to reach to a specific 
depth in the material. As shown in Figure 5.5, FEM with 250 nm radius of curvature fits the experimental 
load-displacement curve very well. An indenter with radius of 250 nm was used in all finite element 
simulations.  
All experimental results, FEM results, and the relative literature results for fused silica are 
summarized in Table 5.1. There are a very good agreement between the experimental, FEM, and the 
literature values of the elastic modulus of fused silica [23, 87]. In addition, FEM gives the yield strength 
of fused silica to be 7100 MPa, matching the literature value. On the other hand, FEM simulation gives a 
hardness of 5.9 GPa. This value is lower than what was found in the literature and measured by 
nanoindentation. 
 
Figure 5.4 Simulated load versus displacement curves for fused silica standard sample for different tip 
radius of curvature. 
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Figure 5.5 Load – displacement curve for experimental and best fit for standard fused silica sample. 
Experimental data matches with finite element simulation using radius of curvature of 250 nm. 
 
The induced stresses inside the material due to loading step are shown in Figure 5.6. This 
demonstrates that, stresses concentrate under the indenter, the high deformation area, and go to zero close 
to the boundaries. After the removal of the load, the material did not return to its original state, as shown 
in Figure 5.7, due to the plastic deformation. The stresses are shown in terms of Mises stresses, which are 
the scalar equivalent stresses at each point. 
Table 5.1 Mechanical properties for fused silica estimated by nanoindentation experiments, FEM, and 
compared to what found it the literature. 
Material Data source Elastic modulus (GPa) Yield strength (GPa) Hardness (GPa) 
Fused silica 
Nanoindentation 68.1 NA 9.7 
Literature [23, 87] 69.6 7.1 9.2 
FEM 66 7.1 5.9 
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Figure 5.6 Mises stresses distribution after moving the indenter 150 nm inside the standard fused silica. 
 
Figure 5.7 Mises stresses distribution after withdrawing the indenter from the standard fused silica. 
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5.2 FEM for YSZ Substrate 
 FEM was used to simulate the nanoindentation experiments performed on YSZ substrates. The 
model is identical to the simulation of fused silica discussed above. The substrate material has a density of 
5.8 g/cm
3, while Poisson’s ratio was assumed to be 0.3. As mentioned in Section 3.8.1, two batches of 
YSZ substrate were used in the current study with different mechanical properties as shown in Figure 
3.26. The two batches are referred as substrate-A and substrate-B.  
 The simulation for substrate-A started with using the experimental value for the reduced modulus 
of YSZ 211.8 GPa, as shown in Table 5.2, and arbitrary yield strength of 7000 MPa. Several simulation 
trials were performed until the best fitting was achieved yielding elastic modulus of 175 GPa and yield 
strength of 11000 MPa as shown in Figure 5.8. The estimate of the hardness was 15.6 GPa, which is less 
than the experimental value of 18.4 GPa but still comparable to the values in the literature [88]. All fitting 
results are summarized in Table 5.2. Figure 5.9 shows the FEM modeling of the load-displacement curve 
for substrate-B. The best fit was obtained at reduced modulus of 195 GPa and yield strength of 14000 
MPa as summarized in Table 5.2.The induced stresses within the YSZ substrate-A due to loading are 
shown in Figure 5.10, while Figure 5.11 shows The residual stresses in the substrate.  
Table 5.2 Mechanical properties for YSZ substrates by nanoindentation experiments, FEM, and the 
literature values. 
Material Source Elastic modulus (GPa) Yield strength (GPa) Hardness (GPa) 
YSZ substrate-A 
Experimental 211.8 NA 18.4 
FEM 175 11.0 15.6 
YSZ substrate-B 
Experimental 225.6 NA 21.8 
FEM 195 14.0 18.8 
YSZ Literature [88]* 198 -- 16.8 
* Literature value is for YSZ with 10 %mole Y2O3. 
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Figure 5.8 Load – displacement curve for experimental and best fit for YSZ substrate -A.  
 
Figure 5.9 Load – displacement curve for experimental and best fit for YSZ substrate-B.  
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Figure 5.10 Mises stresses distribution after moving the indenter 115 nm inside the YSZ substrate-A. 
 
Figure 5.11 Mises stresses distribution after withdrawing the indenter from the bare YSZ substrate-A. 
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5.3 FEM for As-grown UO2 Thin Film Deposited on YSZ Substrate 
 The simulation of nanoindentation performed on 4600Å UO2 film deposited on YSZ substrate-A 
(sample 49-ref, see tables 3.4 and 3.8), was divided into two components. The film had a thickness of 
0.46 µm, a width of 3 µm, while the substrate had a thickness of 2.54 µm and a width of 3 µm. The cell 
was divided into small elements with density increased in the high deformation area and decreased on the 
boundaries. The smallest element size was 15*20 nm and was located just under the indenter. There were 
3016 elements in total, as shown in Figure 5.12. 
The lower bottom of the substrate was fixed with no displacement or rotational movement, while 
the nodes on the axisymmetric line in the film and substrate as well as the indenter were allowed to move 
in the vertical direction only. The interface connection between film and substrate was assumed to be 
perfect, since there is no sliding.  No direct force acted on the substrate, and all the plastic deformation is 
confined to the film part. Therefore, the substrate was modeled as an elastic medium with the same elastic 
properties from the modeling of YSZ substrate-A (E=175 GPa, ʋ = 0.3).  
 
Figure 5.12 Elements distribution throughout the entire model for 49-ref. 
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The UO2 film was modeled as an elastic-plastic material with density of 10.97 g/cm
3
 and 
Poisson’s ratio of 0.3. The simulation started using the experimental value of reduced modulus, 204.9 
GPa, and an arbitrary yield strength of 7000 MPa. The best fit was achieved with UO2 film properties of 
145 GPa elastic modulus and 5600 MPa yield strength as shown in Figure 5.13. The elastic modulus is 
lower than values found in the literature [17]. This can be attributed to the difficulty in simulating the 
exact shape of the indenter tip, and the anisotropy of the elastic modulus [88]. On the other hand, the 
FEM estimation of yield strength is much larger than the literature value for bulk UO2, 0.5 GPa [89]. This 
difference is expected in thin films, and was observed previously in Cu thin films deposited on Si [90]. 
The high strength of thin films compared to bulk samples is attributed to the small crystal size and high 
dislocation density in the thin films. In addition, the substrate constrains the dislocation motion in thin 
film geometry [91]. 
In order to estimate the film hardness, a separate simulation was performed on a bulk simulated 
sample of UO2. The FEM simulation used the elastic modulus and yield strength values estimated in last 
simulation. The results showed that UO2 film had a hardness of 10.4 GPa, which is very close to the 
literature value of 10.1 GPa as summarized in Table 5.3. Figure 5.14 and 5.15 show the stresses in the 
film-substrate after loading and unloading processes respectively. 
Table 5.3 Mechanical properties for sample 49-ref estimated by nanoindentation experiments, FEM, and 
compared to what found it the literature. 
Material Source Elastic modulus (GPa) Yield strength (GPa) Hardness (GPa) 
UO2 
Experimental 204.9 NA 11.8 
Literature  224* 0.5** 9.4 
FEM 145 5.6 10.4 
*Literature data for bulk samples of UO2 at load of 3000 µN [17]. **Literature data for polycrystalline 
UO2 [89]. 
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Figure 5.13 Load – displacement curve for experimental and best fit for sample 49-ref.  
 
The substrate effect can be clearly seen in Figure 5.16, which shows the difference in load-
displacement curves between UO2 thin film deposited on YSZ substrate and the simulated bulk sample of 
UO2. The two curves are almost identical up to displacement of approximately 25 nm, where the substrate 
effect starts to take place. The load applied on the film to displace the indenter to a specific depth is 
higher than the needed for bulk simulated sample. This increase in hardness is attributed to the fact that, 
YSZ substrate is harder than the UO2 film. In addition, the slope of the unloading curve for film is stiffer 
than the slope for bulk simulated sample and so the latter has lower elastic modulus.  
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Figure 5.14 Mises stresses distribution after moving the indenter 134 nm inside sample 49-ref. 
 
Figure 5.15 Mises stresses distribution after withdrawing the indenter from inside sample 49-ref. 
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Figure 5.16 Load – displacement curves for YSZ substrate, sample 49-ref, and simulated bulk sample of 
UO2. 
 
5.4 FEM for UO2 Thin Films Irradiated with 600 KeV Kr
+
 Ions 
FEM was used to simulate the nanoindentation experiments performed on irradiated UO2 films to 
account for the substrate effect and to estimate the mechanical properties of the irradiated film layers. In 
the current section, 4600Å UO2 films were irradiated with 600 keV Kr
+
 at doses ranging from 1E14 to 
1.5E16 ions/cm
2
. According to SRIM calculations [68], the Kr
+
 ion concentration associated with the 
deposition energy was confined within 4000Å of the film thickness, as shown in Figure 5.17. FEM 
divided the problem into three layers. The first layer extended from the film surface up to 4000Å. The 
unirradiated film represented the remaining depth of the film. This layer extended up to the film-substrate 
interface. The third layer was the YSZ substrate as shown in Figure 5.17. 
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The two layers of the film were divided into small elements. The smallest element size just under 
the indenter tip was 15*20 nm, giving a total number of elements in the irradiated and unirradiated film 
layers of 1541 and 335 elements respectively, while the total number of elements in the substrate was 
1340.  
Since there is no direct force on the unirradiated film and substrate layers, and all the plastic 
deformation was confined into the irradiated film layer, both layers were modeled as elastic material with 
the same elastic properties estimated from the modeling, as shown in Sections 5.3 and 5.2 respectively.  
 
Figure 5.17 Normalized Kr
+
 concentrations and differential energy deposition in UO2 thin film irradiated 
with 600 keV Kr
+
 ions at dose of 1E14 ions/cm². The figure shows the three layers used in FEM.  
 
 
 
135 
 
5.4.1 Irradiation at 25ºC 
The 4600Å UO2 thin film was irradiated with 600 keV Kr
+
 ions at 25°C at dose range of 1E14 to 
1E16 ions/cm
2
 as summarized in Table 4.2. After several simulation trials, the best fits were obtained 
independently for the irradiated UO2 film layers at all the doses as shown in Figures 5.18 – 5.21.  The 
estimated elastic modulus and yield strength as a function of dose are shown in Figure 5.22 and 5.23 and 
are summarized in Table 5.4.  
FEM gives yield strength, a mechanical property that cannot be measured by nanoindentation. 
The FEM showed increased yield strength after irradiation with 1E14 ion/cm
2 
and then saturated with 
increasing dose. An estimation of the hardness of the irradiated films was determined by separate 
simulations performed on a bulk simulated samples of irradiated UO2. The resultant hardness increased 
directly after irradiation with 1E14 ion/cm
2 
then saturated regardless of the irradiation dose as shown in 
Figure 5.24. 
 
Figure 5.18 Load – displacement curve for experimental and best fit for 49-25C-600Kr-1E14.  
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Figure 5.19 Load – displacement curve for experimental and best fit for 49-25C-600Kr-5E14.  
 
Figure 5.20 Load – displacement curve for experimental and best fit for 49-25C-600Kr-1E15.  
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Figure 5.21 Load – displacement curve for experimental and best fit for 49-25C-600Kr-1E16.  
 
Figure 5.22 FEM estimation of the reduced modulus versus irradiation dose for UO2 thin films irradiated 
with 600 keV Kr
+
 ions at 25°C. 
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Figure 5.23 FEM estimation of the yield strength versus irradiation dose for UO2 thin films irradiated with 
600 keV Kr
+
 ions at 25°C. 
 
Figure 5.24 FEM estimation of the hardness versus irradiation dose for UO2 thin films irradiated with 600 
keV Kr
+
 ions at 25°C. 
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Table 5.4 FEM estimation of the elastic modulus, yield strength, and hardness of the UO2 thin films 
irradiated with 600 keV Kr
+
 ions at 25°C. 
Sample ID Elastic modulus (GPa) Yield strength (GPa) Hardness (GPa) 
49-ref 145 5.6 10.4 
49-25C-600Kr-1E14 140 8.0 11.52 
49-25C-600Kr-5E14 140 7.0 10.95 
49-25C-600Kr-1E15 135 7.5 10.95 
49-25C-600Kr-1E16 130 8.0 10.97 
 
Nanoindentation and FEM results for irradiated UO2 films are shown in Figures 5.24 and 5.25. 
This comparison shows that FEM gives the same trend of change in material properties as seen with 
nanoindentation, however it is always at lower values. The difference is mainly due to the elimination of 
substrate effect, as well as the difficulty in simulating the tip shape exactly, the anisotropy of the material 
elastic modulus, and oxidation layers on the film surface.  
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Figure 5.25 Nanoindentation and FEM estimation of the reduced modulus versus dose for irradiated UO2 
films. Eo and EFEM are the elastic modulus values estimated by nanoindentation and FEM respectively.   
 
Figure 5.26 Nanoindentation and FEM estimation of the hardness versus dose for irradiated UO2 films. Eo 
and EFEM are the elastic modulus values estimated by nanoindentation and FEM respectively.   
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5.4.2 Irradiation at 600ºC  
Finite element modeling was used to simulate the nanoindentation measurements performed on 
5000Å UO2 thin film deposited on YSZ substrate-B. Films were irradiated with 600 keV Kr
+
 ions at 
600ºC at doses range of 1E14 to 1.5E16 ions/cm
2
, as summarized in Table 4.7. Since the whole sample, 
film and substrate, was irradiated at 600ºC, the substrate properties might be affected with high 
temperature. Therefore, a bare substrate was annealed for 90 minutes at 600ºC and was used in the 
modeling. Nanoindentation measurements showed that both untreated and annealed substrate-B have 
almost the same load-displacement curve and so the same mechanical properties as shown in Figure 5.27. 
FEM results obtained for substrate-B, Figure 5.9, were used for both untreated and annealed substrates. 
Best fits for the nanoindentation measurements are shown in Figures 5.28 – 5.34 and all results are 
summarized in Table 5.5.  
 
Figure 5.27 Load – displacement curve for untreated and annealed YSZ substrate-B at 600ºC for 90 
minutes.  
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Figure 5.28 Load – displacement curve for experimental and best fit for 98-ref.  
 
Figure 5.29 Load – displacement curve for experimental and best fit for 98-ann.  
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Figure 5.30 Load – displacement curve for experimental and best fit for 98-600C-600Kr-1E14.  
 
Figure 5.31 Load – displacement curve for experimental and best fit for 98-600C-600Kr-1E15.  
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Figure 5.32 Load – displacement curve for experimental and best fit for 98-600C-600Kr-5E15. 
 
Figure 5.33 Load – displacement curve for experimental and best fit for 98-600C-600Kr-1E16. 
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Figure 5.34 Load – displacement curve for experimental and best fit for 98-600C-600Kr-1.5E16. 
Finite element results demonstrated that elastic modulus was decreased with annealing followed 
by further decrease due to the irradiation with 600 keV Kr
+
 ions at 600°C at dose of 1E14 ions/cm
2
. 
Furthermore irradiation led to the increase in the elastic modulus as shown in Figure 5.35 and 
summarized in Table 5.5. Both hardness and yield strength changed with annealing and irradiation in the 
same manner as the elastic modulus, except that the annealing effect was not obvious as shown in Figures 
5.36 and 5.37. 
Finally, the change in elastic modulus, yield strength and hardness after irradiation with 600 keV 
Kr
+
 ions at both 25°C and 600ºC temperature irradiation are plotted in Figures 5.38 – 5.40 respectively. It 
is noticed that, the changes in mechanical properties estimated by FEM are similar for the changes 
measured by nanoindentation, however there is no the substrate effect.  
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Table 5.5 FEM estimation of the elastic modulus, yield strength, and hardness of untreated, annealed, and 
irradiated 5000Å UO2 thin films irradiated with 600 keV Kr
+
 ions at 25ºC and 600ºC. 
Sample ID Reduced modulus (GPa) Yield strength (GPa) Hardness (GPa) 
98-ref 180 7.5 13.5 
98-25C-600Kr-1E14 165 8.5 14.24 
98-25C-600Kr-5E14 170 9.7 14.99 
98-25C-600Kr-1E15 167 9.5 14.59 
98-25C-600Kr-5E15 170 9.7 14.93 
98-25C-600Kr-1E16 175 9.8 15.31 
98-ann 160 7.2 12.58 
98-600C-600Kr-1E14 145 7.0 11.66 
98-600C-600Kr-1E15 155 7.5 12.59 
98-600C-600Kr-5E15 165 8.2 13.69 
98-600C-600Kr-1E16 175 9.2 14.88 
98-600C-600Kr-
1.5E16 
178 10.0 15.56 
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Figure 5.35 FEM estimation of the reduced modulus versus irradiation dose for UO2 thin films irradiated 
with 600 keV Kr
+
 ions at 600°C. 
 
Figure 5.36 FEM estimation of the yield strength versus irradiation dose for UO2 thin films irradiated with 
600 keV Kr
+
 ions at 600°C. 
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Figure 5.37 FEM estimation of the hardness versus irradiation dose for UO2 thin films irradiated with 600 
keV Kr
+
 ions at 600°C. 
 
Figure 5.38 FEM estimation of the elastic modulus versus dose for UO2 thin films irradiated with 600 
keV Kr
+
 ions at both 25°C and 600ºC. Eo and ET are the reduced modulus of the untreated and the 
annealed sample respectively. 
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Figure 5.39 FEM estimation of the yield strength versus dose for UO2 thin films irradiated with 600 keV 
Kr
+
 ions at both 25°C and 600ºC. σo and σT are the reduced modulus of the untreated and the annealed 
sample respectively. 
 
Figure 5.40 FEM estimation of the hardness versus irradiation dose for UO2 thin films irradiated with 600 
keV Kr
+
 ions at both 25°C and 600ºC. Ho and HT are the hardness of the untreated sample and the 
annealed sample respectively. 
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5.5 FEM Simulation for UO2 Thin Films Irradiated with Ar
+
 Ions  
FEM was used to simulate the experimental load-displacement curves performed on 2000Å films 
that were irradiated with 1.8 MeV Ar
+
 ions, to study the effect of displacement cascades on mechanical 
properties. The differential energy deposition and Ar
+
 ions concentration were uniform over the 2000Å 
film thickness, as shown in Figure 5.41 and 5.42 respectively. Therefore, the irradiated film was modeled 
as a single layer.  
As shown in Figure 5.41 and 5.42, Ar
+ 
ions were implanted into the YSZ substrate up to 11000Å 
deep. This distribution may affect the substrate mechanical properties. In order to overcome this issue, a 
beam of Ar
+ 
ions with energy of 1 MeV was implanted into YSZ substrate at doses of 1E15, 5E15, 1E16, 
and 2E16 ions/cm
2
 to mimic the 1.8 MeV Ar
+
 ion distribution in the film/substrate unit and 
nanoindentation was used to determine its mechanical properties. The substrate was simulated as two 
layers with the properties of the implanted YSZ substrate up to 11000Å then the unirradiated YSZ as 
shown in Figure 5.43.   
 
Figure 5.41 Differential energy deposition in UO2/YSZ bare YSZ substrate irradiated with 1.8 and 1 MeV 
Ar
+
 ions at dose of 1E15 ions/cm² respectively. 
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Figure 5.42 Atomic concentration in UO2/YSZ bare YSZ substrate irradiated with 1.8 and 1 MeV Ar
+
 
ions at dose of 1E15 ions/cm² respectively. 
 
Figure 5.43 Normalized Ar
+
 atomic concentrations and differential energy deposition in 2000Å UO2 thin 
film irradiated with 1.8 MeV Ar
+
 ions at dose of 1E15 ions/cm² at 25°C. The figure shows the three layers 
used to perform the FEM.  
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In order to simulate the nanoindentation measurements on irradiated 2000Å UO2 thin films, the 
problem was divided into three layers; irradiated film, implanted substrate, and unirradiated substrate. The 
irradiated film layer had a depth of 2000Å and was divided into small elements with total number of 
elements of 675 as shown in Figure 5.44.  
As shown in Figure 5.43, the irradiated substrate layer extend up to 1300 nm which is much 
bigger than the indentation depth, so it accommodate all the indentation effect and satisfies the 10% rule 
for the substrate effect [23]. Therefore, the effect of the unirradiated substrate, the third layer, was not 
accounted for since it lies beyond the indentation probing depth. The irradiated substrate layer had a depth 
of 11000Å and was divided into small elements with the total number of elements of 2345.  
 
Figure 5.44 Element distributions throughout the entire model for 2000Å UO2 thin film on YSZ substrate. 
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Nanoindentation was used to measure the mechanical properties of the bare YSZ substrate-B 
irradiated with 1 MeV Ar
+
 ions. Figure 5.45 shows load-displacement curves for the irradiated substrate-
B.  The irradiated substrates have lower penetration depth than the reference one, which means that the 
substrate gets harder with irradiation. The slope of the unloading curve was unchanged, indicating that 
there is no change in the substrate elastic modulus. FEM of the nanoindentation experimental curves for 
YSZ substrates are shown in Figures 5.46 - 5.50 with all the resultant mechanical properties summarized 
in Table 5.6. The hardness and elastic modulus increased with dose, while the elastic modulus stayed 
unchanged, as shown in Figures 5.51 and 5.52.  
 
Figure 5.45 Load – displacement curve for bare YSZ substrates irradiated with 1 MeV Ar+ ions at 25°C 
with different irradiation doses. 
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Figure 5.46 Load – displacement curve for experimental and best fit for YSZ substrate.  
 
Figure 5.47 Load – displacement curve for experimental and best fit for YSZ substrate irradiated with 1 
MeV Ar
+
 ions at 25°C with dose of 1E15 ions/cm
2
.  
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Figure 5.48 Load – displacement curve for experimental and best fit for YSZ substrate irradiated with 1 
MeV Ar
+
 ions at 25°C with dose of 5E15 ions/cm
2
.  
 
Figure 5.49 Load – displacement curve for experimental and best fit for YSZ substrate irradiated with 1 
MeV Ar
+
 ions at 25°C with dose of 1E16 ions/cm
2
.  
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Figure 5.50 Load – displacement curve for experimental and best fit for YSZ substrate irradiated with 1 
MeV Ar
+
 ions at 25°C with dose of 2E16 ions/cm
2
. 
 
Table 5.6 FEM estimation of the reduced modulus, yield strength and hardness for bare YSZ substrate-B 
irradiated with 1 MeV Ar
+
 ions at 25°C with different irradiation doses. 
Radiation dose (ions/cm
2
) Reduced modulus (GPa) Yield strength (GPa) Hardness (GPa) 
Reference 195 14.0 18.88 
1E15 195 16.0 19.28 
5E15 195 16.2 19.80 
1E16 195 16.5 19.65 
2E16 195 16.1 19.77 
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Figure 5.51 FEM estimation of the yield strength versus irradiation dose for YSZ irradiated with 1 MeV 
Ar
+
 ions at 25°C. 
 
Figure 5.52 FEM estimation of hardness versus irradiation dose for YSZ irradiated with 1 MeV Ar
+
 ions 
at 25°C. 
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FEM was used to estimate the mechanical properties of the 2000Å UO2 thin films irradiated with 
1.8 MeV Ar
+
 ions by fitting the nanoindentation experimental data. Best FEM fits for the irradiated films 
are shown in Figures 5.53 – 5.57 with the resultant elastic modulus, yield strength and hardness shown in 
Figure 5.58 - 5.60 and summarized in Table 5.7.  
 
Figure 5.53 Load – displacement curve for experimental and best fit for sample 97-ref. 
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Figure 5.54 Load – displacement curve for experimental and best fit for 97-25C-1800Ar-1E15. 
 
Figure 5.55 Load – displacement curve for experimental and best fit for 97-25C-1800Ar-5E15. 
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Figure 5.56 Load – displacement curve for experimental and best fit for 97-25C-1800Ar-1E16. 
 
Figure 5.57 Load – displacement curve for experimental and best fit for 97-25C-1800Ar-2E16. 
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Figure 5.58 FEM estimation of the reduced modulus versus irradiation dose for UO2 thin films irradiated 
with 1.8 MeV Ar
+
 ions at 25°C. 
 
Figure 5.59 FEM estimation of the yield strength versus irradiation dose for UO2 thin films irradiated with 
1.8 MeV Ar
+
 ions at 25°C. 
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Figure 5.60 FEM estimation of the hardness versus irradiation dose for UO2 thin films irradiated with 1.8 
MeV Ar
+
 ions at 25°C. 
 
Table 5.7 FEM estimation of the elastic modulus, yield strength, and hardness of 2000Å UO2 thin film 
deposited on YSZ substrate irradiated with 1.8 MeV Ar
+
 ions at 25°C. 
Sample ID Reduced modulus (GPa) Yield strength (GPa) Hardness (GPa) 
97-ref 185 7.0 13.80 
97-25C-1800Ar-1E15 180 8.7 15.07 
97-25C-1800Ar-5E15 180 8.8 15.13 
97-25C-1800Ar-1E16 175 8.8 15.01 
97-25C-1800Ar-2E16 180 8.5 14.94 
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Chapter 6. Discussion 
 The connection between the experimental and computational results is important to provide an 
explanation for the behavior of the material properties under irradiation. This chapter attempts to compare 
the nanoindentation measurements of hardness and elastic modulus to those estimated by FEM. This 
comparison allows for an understanding of the substrate effect on the measurements. In addition, the 
comparison provides a correlation of yield strength and hardness values estimated by FEM. This chapter 
will investigate the hardening behavior of irradiated UO2 films using nanoindentation and FEM, as well 
as the film’s microstructure.    
6.1 Hardening Mechanisms 
 Two sets of experiments were performed to study the effects of radiation damage on the 
mechanical properties of UO2 thin films. First, the effect of displacement cascades accompanying by 
fission gas bubbles was studied by the irradiation of 4600Å UO2 films using 600 keV Kr
+
 ions at 25°C 
and 600°C. Second, the effect of displacement cascades only was studied by irradiating 2000Å thin films 
with 1.8 MeV Ar
+ 
ions. These experiments resulted in the increase of the film’s hardness. However, the 
irradiation at 25°C, either with 600 keV Kr
+
 or 1.8 MeV Ar
+
 ions, led to an immediate increase in the film 
hardness at the lowest dose. Subsequently, the hardness saturated after increasing the dose further. This 
was explained in Sections 4.1.1 and 4.2 respectively, and is summarized in Table 6.1.  
Fission gas bubbles formed in all films irradiated at 25°C, which can act as obstacles for the 
motion of dislocations within the films. When an external stress is applied on the material, it causes the 
dislocation lines to bow between the obstacles/bubbles until the dislocation segments join and annihilate 
each other. This hardening behavior is known as the Orowan mechanism [63 - 65], and can be used to 
estimate the critical resolved shear stress (CRSS) for an array of obstacles (see equations 4.1 and 4.2) 
based on the assumption that these obstacles are uniformly distributed in the material. The CRSS was 
seen to increase with the obstacles volume fraction, which follows an increase in dose. On the other hand, 
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the yield strength did not change with the increasing in dose. These effects are summarized in Tables 4.4 
and 4.14.  
The hardening response of films irradiated at 25°C can be divided into two regions. The first is an 
immediate increase observed at lowest dose as shown in Figures 5.24 and 5.58. This is attributed to the 
introduction of point defects, dislocations, and the introduction of fission gas bubbles. In the second 
region, the hardness of the film saturates despite the increase in the dose. This behavior is attributed to the 
defects in the as-grown UO2 films due to the misfit between the UO2 film and YSZ substrate lattices.  
Table 6.1 Reduced modulus, yield strength, and hardness for UO2 thin films irradiated with 600 keV Kr 
and 1.8 MeV Ar
+
 ions at 25°C. 
Sample ID 
Film thickness 
(Å) 
Elastic modulus 
(GPa) 
Yield strength 
(GPa) 
Hardness 
(GPa) 
49-ref 4600 145 5.6 10.4 
49-25C-600Kr-1E14 4600 140 8.0 11.52 
49-25C-600Kr-5E14 4600 140 7.0 10.95 
49-25C-600Kr-1E15 4600 135 7.5 10.95 
49-25C-600Kr-5E15 4600 130 8.0 10.97 
 
97-ref 2000 190 14.0 18.88 
97-25C-1800Ar-1E15 2000 190 16.0 19.28 
97-25C-1800Ar-5E15 2000 190 16.2 19.80 
97-25C-1800Ar-1E16 2000 190 16.5 19.65 
97-25C-1800Ar-2E16 2000 190 16.1 19.77 
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Irradiation of the film at 600°C with 600 keV Kr
+
 ions led to a systematic increase in hardness 
with dose. Initially, the film hardness and yield strength decreased with annealing. After the initial 
irradiation, further irradiation increased the hardness and yield strength systematically with dose as shown 
in Figures 5.36 and 5.37 and is summarized in Table 6.2. The microstructure was investigated with TEM. 
TEM showed the formation of nanocrystallites associated with the irradiation at 600°C. The diameter of 
the nanocrystallite ranged from 2 to 3 nanometers, as shown in Figure 4.20. This formation is a 
characteristic signature of recrystallization attributed to the release of internal energy of the system [81]. 
The nanocrystallite regions act as obstacles for the motion of dislocations and induce hardening. Orowan 
hardening was employed to estimate CRSS as summarized in Table 4.9.  
Fission gas bubbles were observed with TEM images and had an approximate diameter of 0.9 
nanometers. These bubbles are smaller than those formed during irradiation at 25ºC. It is believed that 
recrytallization led to the loss of some of the implanted gases [92]. The associated CRSS was calculated 
using Equations 4.1 and 4.2, and can be seen in Table 4.10. It is clear that the induced strength from the 
nanocrystallites regions is much larger than the strength induced by the bubbles. This implies the 
hardening in irradiated UO2 films at 600°C is primarily driven by the formation of the nanocrystallites in 
the film.  
It is worth mentioning that, the mechanism of Orowan hardening is based on the assumption that 
obstacles are uniformly distributed throughout the material. This assumption can be verified for bubbles 
formed in the irradiated films due to the spread of bubble positions as shown in Figures 4.24 – 4.27. On 
the other hand, nanocrystallites with different orientations can be connected together. This assumption 
may not appropriate for the calculations for the distances between nanocrystallites. This is one point in 
which the mechanism of Orowan hardening may not be able to describe accurately due to the underlying 
complexity of the microstructure.  
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Table 6.2 Mechanical properties for UO2 films irradiated with 600 keV Kr at 600°C. 
Sample ID 
Film thickness 
(Å) 
Elastic modulus 
(GPa) 
Yield strength 
(GPa) 
Hardness 
(GPa) 
98-ref 5000 180 7.5 13.5 
98-ann 5000 160 7.2 12.58 
98-600C-600Kr-1E14 5000 145 7.0 11.66 
98-600C-600Kr-1E15 5000 155 7.5 12.59 
98-600C-600Kr-5E15 5000 165 8.2 13.69 
98-600C-600Kr-1E16 5000 175 9.2 14.88 
98-600C-600Kr-1.5E16 5000 178 10.0 15.56 
 
The yield strength of irradiated UO2 films is plotted against the CRSS induced by gas bubbles and 
nanocrystallites, as shown in Figure 6.1. The yield strength increased linearly with the CRSS, which 
followed the Orowan hardening mechanism. The slope of the line of best fit is known as Schmid factor 
[93] or Taylor factor [69, 70]. The Schmid factor from Figure 6.1 is 1.3, less than the value 1.8, obtained 
from He-bubbles in Ni [70] and Al precipitates in Ni [69]. This difference can be attributed to the loss of 
some implanted gases due to the recrystallization as well as internal stresses in the thin films. 
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Figure 6.1 Yield strength of 5000Å UO2 thin films versus CRSS evaluated using Orowan hardening 
mechanism due to the presence of nanocrystallites and bubbles.  
 
6.2 Correlation between Yield Strength and Hardness 
Hardness is the material’s resistance to plastic deformation, which can be used as an indicator of 
the plasticity of the material. Empirical observations have led to a linear relationship between the 
hardness and yield strength in metal [72]. From this empirical relation, the hardness of a ductile metal is 
found to be approximately three times its yield strength [73, 74, 94]. Thin films are known to be harder 
than their bulk sample counterparts [90, 91]. Thus, the relationship between hardness and yield strength of 
thin films is expected to deviate.  
The hardness and yield strength of UO2 thin films irradiated with 600 keV Kr
+
 ions at 600°C were 
found to increase with dose as summarized in Table 6.3. The hardness plotted against the yield strength 
values estimated by FEM as shown in Figure 6.2.  
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When the data was fit linearly, the resulting slope was 1.3. As mentioned previously, this value is 
lower than the value of 3 used conventionally [72]. This may be due to fact that thin films are harder than 
their bulk sample counterparts [90, 91]. Additionally, the ratio between the hardness and the yield 
strength has been found to be a decreasing function of the ratio of yield strength to elastic modulus [73, 
74]. The ratio between the hardness and the yield strength was found to be 2.8 as the ratio between the 
yield strength and the elastic modulus approaches zero and 1.7 as the ratio between the yield strength and 
the elastic modulus approaches 0.1 [73]. Table 3 summarizes the change in H/Y and Y/E rations with 
dose, while Figure 6.3 shows this dependence in the UO2 films irradiated with 600 keV Kr
+
 ions at 600°C. 
Table 6.3 Yield strength and hardness for UO2 films irradiated with 600 keV Kr
+
 ions at 600 °C. 
Sample ID 
Elastic modulus 
(GPa) 
Yield strength 
(GPa) 
Hardness 
(GPa) 
H/Y Y/E 
98-ann 160 7.2 12.58 1.74 0.045 
98-600C-600Kr-1E14 145 7.0 11.66 1.66 0.042 
98-600C-600Kr-1E15 155 7.5 12.59 1.67 0.048 
98-600C-600Kr-5E15 165 8.2 13.69 1.66 0.049 
98-600C-600Kr-1E16 175 9.2 14.88 1.61 0.052 
98-600C-600Kr-1.5E16 178 10.0 15.56 1.55 0.056 
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Figure 6.2 Hardness versus yield strength for UO2 films irradiated with 600 keV Kr
+
 ions at 600°C. 
 
 
Figure 6.3 The relationship between H/Y and Y/E for UO2 films irradiated with 600 keV Kr
+
 ions at 
600°C. 
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6.3 Microstructural Changes in UO2 Thin Films 
 In the current study, thin film geometry was used to study the mechanical properties of UO2, 
where the films were deposited on single crystal YSZ substrate with a (2 0 0) crystallographic orientation. 
XRD was used to determine the lattice constants for the YSZ substrate and the UO2 films, which was 
found to be 5.12 and 5.48Å respectively, as summarized in Tables 3.1 and 3.2. This difference led to the 
formation of misfit dislocations in the as-grown UO2 thin film. TEM image showed misfit dislocations 
exist in as-grown 2000Å UO2, as shown in Figures 6.4. Both figures 6.5 and 6.6 show the TEM plane 
view images of the 5000Å UO2 film in bright and dark fields. The difference in contrast indicates the 
presence of high strain areas. This result is most likely due to dislocations in the film. 
The high density of dislocations in the as-grown UO2 film increases the hardness relative to bulk 
samples. Additionally, a large number of dislocations act as a sink for newly formed point defects formed 
during the irradiation process [63, 75, 76]. The hardness of the films irradiated at 25°C, either with 600 
keV Kr
+
 or 1.8 MeV Ar
+
 ions, increased due to the introduction of gas bubbles and displacement 
cascades. Subsequently, the hardness saturated due to the high density of dislocations in the film.  
 
Figure 6.4 TEM BF image for reference 2000Å UO2 thin film. Arrows are pointed to dislocation lines 
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Figure 6.5 Plane view BF image for reference 5000Å UO2 thin film.  
 
Figure 6.6 Plane view DF image for reference 5000Å UO2 thin film.  
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A change in the microstructure of the UO2 thin film was observed after irradiation at 600°C. 
Several Moiré patterns were identified after irradiating 5000Å films with 600 keV Kr
+
 ions at 600°C, as 
shown in Figures 4.20 and 4.21. These patterns indicate that nanocrystallites of the UO2 films had formed 
during irradiation. Nanocrystallites regions of 2 to 3 nanometers were formed during irradiation, with the 
density increasing with respect to the dose.  
Microstructural changes for UO2 were reported in several studies under various conditions [92, 94 
– 98]. Most of these studies focused on the change in the microstructure and did not probe the response of 
the mechanical properties. In this study, the formation of nanocrystallites regions in UO2 films during 
irradiation at 600°C increased the hardness systematically with dose as seen in Figure 4.18. The 
calculation of the CRSS induced by the nanocrystallites demonstrated that the hardening obeyed the 
Orowan hardening mechanism. 
6.4 Substrate Effect on the Nanoindentation Measurements 
Nanoindentation provides valuable information regarding mechanical properties of thin films. 
However, the results are not only influenced by the film, but also by the properties of the substrate. In this 
study, UO2 thin films ranging from 25Å to 7000Å were deposited on single crystal YSZ substrates. YSZ 
substrate is harder than UO2, which allows the film to pile up around the indenter. This fact was 
demonstrated using AFM as shown in Figure 5.2. This pile up affects the nanoindentation measurements 
and leads to higher values of the film hardness. The effect of the substrate on the nanoindentation 
measurements is more significant as the film thickness decreases, as shown in Figure 3.30.  
The effect of the substrate on the nanoindentation measurements has been studied to find a 
relationship between the measured properties of film/substrate system and the properties of the film and 
the substrate separately. Haitao and Pharr proposed a model to predict the shear modulus of the 
film/substrate system as a function of the film thickness, t, the indenter contact radius, a, and Poisson’s 
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ratio of the film and substrate, νf and νs respectively [99]. This model assumes that the film and substrate 
are acting as two springs in series as shown in Figure 6.7. 
 
Figure 6.7 Indentation process performed on film/substrate system, in which film and substrate are 
simulated as two springs in series [100]. 
 
Originally, the model was developed to calculate the effective shear modulus of the film/substrate 
system [100], but it has been modified to calculate the elastic modulus using the following equation [93];  
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The effective elastic modulus of the film/substrate system, E, can be calculated and a function of 
the elastic modulus of the film and the substrate, Ef and Es respectively using the following equations,  
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It can be demonstrated that for zero film thickness, the effective elastic modulus is equal to that of 
the substrate. The substrate effect can be minimized if the indentation is performed within 10% of the film 
thickness [23]. Beyond that, FEM should be used to determine the mechanical properties of the films 
separately from the substrate. FEM was used as well to estimate the mechanical properties of the as-
grown and irradiated UO2.  
FEM estimations of the UO2 elastic modulus were found to be smaller than those of bulk 
samples, as summarized in Table 5.3 and 5.6. This difference is attributed to the difficulty to simulate the 
exact shape of the indenter as well as the anisotropy of the elastic modulus of UO2. On the other hand, 
FEM estimated the yield strength to be larger than the bulk values. This is due to the smaller crystal size 
and misfit dislocations in the film, as explained previously in Section 6.1.   
To simulate the irradiated films and to determine the associate mechanical properties, a UO2 film 
and YSZ substrate was divided into two or more layers based on the implantation and energy to recoil 
depth profile. Irradiation of 4600Å UO2 with 600 keV Kr
+
 ions, yielded a profile with implanted ions 
confined within 4000Å from the free surface. The film was then divided into two layers. The irradiated 
layer starts from the film surface to 4000Å and includes all radiation damage and implanted ions, while 
the second layer extends to the film-substrate interface, as shown in Figure 5.17. This layer was modeled 
as an unirradiated film since no implantation or radiation damage was expected to reach that depth.  The 
simulation of the irradiated film as a single layer provides one unique solution to the problem. However, 
irradiated samples were simulated with several layers in other studies as well [23]. The properties of each 
layer were assumed to follow the change in the irradiation profile. This assumption may not be entirely 
accurate and leads to a non unique solution.  
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6.5 Mechanical Properties versus Burn-up 
 Most of the studies about nuclear fuel have demonstrated the change in the mechanical properties 
as a function of the fuel burn-up as shown in Figures 1.2 and 1.3. The conversion between dose and burn-
up are explained in Appendix A.1. In this study, the mechanical properties of UO2 thin films were 
estimated as a function of dose then converted to burn-up  as a method of comparison to the results in the 
literature. 
 Figure 6.8 shows the change of the elastic modulus with respect to fuel burn-up at 25°C and 
600°C. The elastic modulus decreased with burn-up then saturated after irradiation at 25°C. Irradiation at 
600°C, led to the decrease of the elastic modulus, and then it systematically increased with fuel burn-up. 
The results agreed with the literature data that the elastic modulus decreases as a function of increasing 
burn-up [3]. In addition, the elastic modulus seemed to be approaching saturation around burn-up of 100 
GWD/tM as observed by Laux et al. [3] and Pujol et al. [4].  
 Both hardness and yield strength increased after irradiation at 25°C then reached saturation, as 
shown in Figure 6.9 and 6.10, due to the high concentration of dislocations in the as-grown films. Film 
hardness and yield strength decreased after irradiation at 600°C, and then increased with burn-up. As 
mentioned previously, this behavior is attributed to the formation of nanocrystallistes in the film.  
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Figure 6.8 FEM estimation of the elastic modulus versus burn-up for UO2 thin films irradiated with 600 
keV Kr
+
 ions at both 25°C and 600ºC. Eo is the elastic modulus of the nonirradiated sample. 
 
Figure 6.9 FEM estimation of hardness versus burn-up for UO2 thin films irradiated with 600 keV Kr
+
 
ions at both 25°C and 600ºC. Ho is the hardness of the nonirradiated sample. 
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Figure 6.10 FEM estimation of yield strength versus burn-up for UO2 thin films irradiated with 600 keV 
Kr
+
 ions at both 25°C and 600ºC. σo is the yield strength of the unirradiated sample. 
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Chapter 7. Conclusions and Future Work 
 This study focused on the change in mechanical properties of UO2 thin films under different 
irradiation conditions. Two sets of experiments were performed, 
1) First, investigate the mechanical response of thin films of UO2 due to radiation damage and the 
formation of fission gas bubbles. The experiment performed at two different temperatures, 25°C 
and 600°C. 
 Films with thickness of 4600Å were irradiated with 600 keV Kr+ ions at 25°C. The film 
hardness was found to increase at low irradiation dose. Gas bubbles with diameter of 
approximately 1.18 nm were observed. As the irradiation dose increase, the film 
mechanical properties were invariant. This behavior is attributed to the high density of 
dislocations in the as-grown films. These dislocations act as sinks for newly formed point 
defects leading to the saturation of the film mechanical properties. The elastic modulus of 
the films decreased at low dose and was invariant with increasing dose.  
 Films with thickness of 5000Å were irradiated with 600 keV Kr+ ions at 600°C. The 
annealing effect was noticed mainly as a decrease in the elastic modulus due to the 
annihilation of point defects in the film. Both hardness and elastic modulus decreased at 
the lowest dose, and then it increased systematically with dose. This behavior is 
attributed to the formation of nanocrystallite regions with 2 to 3 nm diameter and 
densities increase with dose. Although gas bubbles were formed after irradiation, but 
nanocrystallites represent the primary source of hardening. The film hardness was found 
to increase with dose and follow Orowan hardening mechanism.  
2) Second, investigate the effect of displacement cascade damage only on the mechanical 
properties of UO2 thin films. Films with thickness of 2000Å were irradiated with 1.8 MeV Ar
+
 
ions at 25°C. These experiment conditions were chosen so that all Ar
+
 ions were implanted into 
the substrate. The film hardness and yield strength increased at low irradiation dose, due to the 
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introduction of point defects as well as gas bubbles. The film properties remained invariant with 
dose.  
Nanoindentation was used to determine the hardness and elastic modulus of the as-grown and irradiated 
UO2 thin films. Finite element modeling (FEM) was used to account for the substrate effect on the 
nanoindentation measurements. In addition FEM provides a method to estimate the mechanical properties 
of the irradiated materials and determine the yield strength of the films. The connection between 
mechanical properties leads to: 
1) The UO2 film hardness is linearly proportional to the yield strength with 1.3 constant of 
proportionality. Although the constant of proportionality is lower than known for bulk samples, 
but this is expected due to the high yield strength to elastic modulus ratio, and the high strength of 
thin films due to the misfit dislocations between the film and the substrate lattices. 
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Recommendations for Future Work 
Finally, there are few suggestions to improve the study of the mechanical properties of UO2 thin 
films. These suggestions aim to provide a better understanding of the mechanical response under 
irradiation and provide a connection to the samples microstructure, 
1) The effect of displacement cascades accompanying fission gas bubbles on mechanical properties 
should be investigated more completely at higher temperatures. This would allow a more detailed 
study of recrystallization, change of crystal size, and associate CRSS. 
2) The effect of annealing on the recrystalized films should be studied at different annealing 
experiments. This would allow a better understanding of the microstructure recovery.  
3) The effect of displacement cascade damage alone on the mechanical properties of the film should 
be studied at higher implantation energies to increase the damage effect (dpa) and assure that no 
bubbles are formed into the film.  
4) The effect of film orientation on the mechanical properties should be investigated by depositing 
UO2 films on different substrates. Probably single crystal YSZ substrates with (111) and (101) 
crystallographic orientation. This would represent an experimental study regarding the effect of 
orientation on UO2 properties. 
5) Study the irradiation effect on UO2 films with (100), (111), and (101) crystallographic orientation 
to investigate the radiation stability of each orientation.  
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Appendix  
A.1 Convert Irradiation Dose to Burn-up 
In order to convert the irradiation dose to displacemant per atoms (dpa), Srim [68] was used to 
calculate the differential energy deposition due to 600 keV Kr
+
 ions at dose of 1E16 ions/cm
2
. The 
differential energy deposition is about 200 ev/Å.ion, as shown in Figure 4.2.  
The displacement density can be found by dividing the differential energy deposition by the 
displacement energy then multiplying with the irradiation dose according to: 
250 (ev/Å.ion) * 10
8
 (Å/cm) * 1/40 (displacement/ev) * 1*10
16
 (ions/cm
2
) = 6.25*10
24 
(displacement/cm
3
) 
The atom density can be calculated using N=ρNA/M, where ρ is the mass density, NA is 
Avogadro’s number and M is the molecular mass. The atom density of UO2 was found to be 7.33*10
22
 
(atoms/cm
3
). The number of displacement per atom (dpa) can be found according to: 
 6.25*10
24 
(displacement/cm
3
) * 1/7.33*10
22 
(cm
3
/atom) = 85 (displacement/atom)  
 Fission per initial metal atom (FIMA) is a burn-up unit represents the number of fissions per 
number of U atoms in the fuel. 1 FIMA indicates that all U-235 atoms undergo fission and releases 200 
MeV each of energy. 1 FIMA is equivalent to 0.02 *2.44*10
22
 (fissions/cm
3
), assuming there is 2% 
enrichment.  
1 (FIMA) ~ 0.02 *2.44*10
22
 (fissions/cm
3
) ~ 0.05*10
22
 (fissions/cm
3
)  
 Each fission is assumed to result in the production of 2 Pd atoms with 100 MeV. Using SRIM, 
both Pd atoms were found to produce about 10
5
 Frankel pairs. 
1 (FIMA) ~ 0.05*10
22
 (fissions/cm
3
) * 10
5 
(displacement/fission) ~ 5*10
25 
(displacement/cm
3
) 
1 (FIMA) ~ 5*10
25 
(displacement/cm
3
) * / 7.33*10
22
 (atoms/cm
3
) ~ 682 dpa 
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 The relation between FIMA and burn-up can be found by assuming the mass of U is 1 ton. 1 
FIMA means all the U atoms has been burned. Each fission releases 200 MeV of energy. 
Number density of U atoms = 10
6
 (g) * 0.6023*10
24 
(atoms/mol) /238 (g/mol) = 2.53*10
27
 (atoms) 
Total emitted energy = 2.53*10
27
 (fissions)*3.2*10
-11
 (J/fission)  
Total emitted energy = 8*10
16
 (W. sec) / 86400 sec/day = 9.2*10
11
 Wd = 9.2*10
2 
GWd 
1 (FIMA) = 920
 
GWd/tMU  
Finally, Table A.1 shows the conversion between dose and burn-up for all irradiation doses used 
in the current study. 
Table A.1 Conversion table between dose, dpa, FIMA, and burn-up. 
Dose (ions/cm
2
) dpa FIMA Burn-up (GWd/tMU) 
1E14 < 1 0.08% 0.7 
5E14 4 0.4% 3.6 
1E15 8 0.8% 7.3 
5E15 42 4% 36.8 
1E16 85 8% 73.6 
1.5E16 127 12% 110.4 
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